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ABSTRACT 


Four  laboratory  experiments  performed  on  small  samples  of  soils  are 
discussed.  The  experiments  were  designed  to  furnish  certain  information 
on  soil  behavior  needed  for  the  design  of  a  dynamic  soil  testing  laboratory. 
The  four  experiments  studied  friction  angles  of  sands  at  low  confining 
pressures,  side  friction  in  the  consolidation  test,  failure  conditions  in  hollow 
soil  cylinders,  and  failures  in  tubes  surrounded  by  soil.  The  apparatus  and 
procedures  used  in  each  case  are  described,  and  typical  data  and  results  are 
presented. 
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PREFACE 


The  -work  reported  In  Appendices  K,  L,  H,  and  N  Included  under 
this  cover  vas  carried  out  tinder  Contract  EC.  AP  29  (601)  -  19^7> 
"Preliminary  Design  Study  for  a  Dynamic  Soil  Testing  Laboratory", 
and  constitutes  part  of  the  final  report  in  fulfillment  of  that 
contract. 


All  four  appendices  describe  rastll-scale  tests  concerxied  with 
soil  reactions  or  soil-structure  ^interactions  uhlch  have  bearing 
on  the  design  of  a  Dynamic  Soil  Testing  Laboratory.  During  the 
first  year  of  the  contract,  hovever,  the  testing  proved  to  be  going 
so  well  that  the  contract  eas  extended  beyond  the  Interests  of  the 
design  of  the  laboratory  to  more  elaborate  studies  of  soil-structure 
Interaction. 

Because  the  tests  described  herein  msy  be  of  general  Interest 
to  the  Civil  Engineering  profession,  these  appendices  are  being 
published  separately  from  the  remainder  of  the  report.  The  vork 
mas  performed  principally  by  Ulrich  Luscher,  Zna^ructor,  and  Allen 
R.  Philippe,  Resecnrch  Assistant,  vlth  the  help  of  the  staff  of  the 
Soil  Engineering  Division,  Depcurtment  of  Civil  and  Sanlteury  Engineer¬ 
ing.  Professor  Robert  7.  Whitman  is  the  principal  investigator  under 
this  contract.  Professor  T.  V.  Lnibe  is  Head  of  the  Soil  Engineering 
Division. 
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Appendix  K 

TESTS  ON  HOLLOW  SOIL  CILIHDBFS 


K.1  Background 

During  the  past  two  years,  the  Massachusetts  Institute  of  Technology, 
in  connection  with  Contract  No.  AP  29(601) -19l*T,  has  conducted  very  "basic 
small'- scale  tests  as  a  means  of  studying  fundamentals  of  soll-struct\ire 
Interaictlon.  niese  tests  Involved  hollow  cylinders  of  soil  on  one  hand, 
and  flexible  cylinders  of  plastic  or  metal,  surrounded  by  a  tbln  layer  of 
soil,  on  the  other  hand.  Ibis  appendix  describes  the  work  done  on  hollow 
soil  cylinders. 

Figure  K.l  indicates  roughly  the  type  of  test  that  was  perfoimed.  A 
hollow  cylinder  of  sand  Is  encased  on  both  the  outside  and  the  Inside  with 
a  thin  flexible  membrane.  To  begin  the  test,  the  pressures  within  and 
without  the  cylinder  are  raised  equally  to  a  value  above  atmospheric 
pressiure.  Subsequently,  either  the  outside  pressure  Is  Increased  or  the 
inside  pressure  is  decreased,  until  the  cylinder  collapses  Invard.  During 
all  this  time  the  pore  pressiare  In  the  soil  is  at  atmospheric  level.  The 
loading  arrangements  are  such  that  there  is  no  axial  strain  In  the  hollow 
cylinder  of  soil. 

In  the  first  phase  of  this  work,  executed  during  the  academic  year 
19^9‘‘1-96o,  the  equipment  was  developed  and  built,  a  number  of  tests  were 
performed,  and  a  theory  for  failure  of  hollow  soil  cylinders  was  developed, 
^e  results  of  this  work  were  very  encouraging  but  due  to  difficulties 
arising  In  the  test  procedure,  many  of  the  specific  data  were  not  very 
reliable. 

In  a  subsequent  second  phase,  during  the  academic  year  I960-I961, 
the  equipment  and  testing  procedures  were  modified  and  Iqproved.  Better 
ei^rlfltental  results  could  then  be  obtained,  and  consequently  more  reliable 
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conclu8l(^  ccmld  "be  reached  on  the  problem  of  correlation  betwen  ex- 
pezdmental  data  and  theoretically  derived  relationships. 

This  appendix  vlU  only  briefly  summarise  the  coiK:lu8lon8  dravn 
from  the  first  phause  of  the.  work, .and  otherwise  will  deal  with  the 
results  of  the  Second  phase,  since  due  to  the  changes  In  equlpsent  and 
measuring  techni^ies,  the  results  of  the  two  phases  could  hardly  be  correlated. 


K.2  Theoretical  strength  lav 

K.2.1  Failure  of  soil  elesmnt 

An  elasent  of  cohesionless  soil  with  friction  angle  9  reaches, 
a  state  of  plastic  equilibrium  at  a  maxlonsB  ratio  of  the  principal  Stresses, 


A-( 

f 

j  —  (p 

moLX 

(Bqn.  K.l) 

where 

O5 

a  minor  princlpsa  stress 

*  radial  stress  (see  Figure 
K.l) 

01 

a  major  principal  stress 

-  eircximferentlal  stress 

K.2.2  Failure  of  soil  ring 

A  A  -  failure  condition  is  assuswd  to  hold  for  every  elsaent 
In  the  ring;  l.e..  If  according  to  elastic  stress  conditions  a  A  *  condition 
Is  first  reached  at  the  most  critical  point  In  the  ring  (which  happens  to  be 
on  the  Inside  boundary),  this  element  remains  in  plastic  equilibrium  and 
when  the  applied  load  is  Increased,  adjacent  elements  reach  a  state  of 
plastic  equilibrium.  CoUapse  of  the  ring  Is  achieved  when  the  ring 
reaches  a  A  -  condition  throughout. 

The  following  derivation  Is  a  modification  of  calculations  published 
by  W.N.  KIBICPATSUXIK  (19?3)>  Plastic  equlUbrlvsi  of  a  ring  elasmnt  beteeen 
radii  r^  and  r  Is  considered  (see  Figure  1): 


After  differentiation; 
Substituting: 

And  rearranging: 

After  integration: 
Boundary  condition: 

Substituted  for  A: 
Specifically,  at  r  : 


dfl-^ 


“•t-  A 


r  -  cr  +  cr.  *  0 

r  t 

fr 


Jo-, 


r  A 


^r  ^ 


dr 

r 


1  -A 

CTj.  =  A  r  A 

1  -A 

Pi  =  Ar^  ^ 


or 


Po  -P 


w 


1  -A 
A 


Final  form: 


1~X 

A 


■4  A  =  p. 


(Eqn.  K.2) 


The  ratio  y  as  expressed  by  this  theory  shovs  fast  increase  with 
increasing  "but  it  does  not  tend  to  infinity  for  any  finite 

The  character  of  this  relationship  is  as  vould  be  erq^ted  for  a  eoheslon- 
less  soil. 


Another  theory  of  ring  strength,  which  assumed  a  A  -  condition  for 
average  radial  and  tangential  stresses  in  the  ring,  was  investigated  for 
its  merits  and  rejected,  because  ^  tended  to  infinity  for  finite 

K.2.3  Wunerical  examples 

K.2*3«l  Friction  angle  of  Ottawa  Sand 

Results  of  recent  tests  at  N.I.T.  for  the  well- 
graded  Ottawa  Sand  used  in  these  tests  are  shown  in  Figure  K.9*  From 
that  curve,  and  in  agreement  with  results  of  tests  on  standard  Ottawa 
Sand  described  in  N.I.T.  (1953)>  P*  10^  and  105,  typical  faction  angles 
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A  »  0,238 
A  -  0.308 


are  obtained; 


Dense  state:  ^  »  38° 

Loose  state:  «  32° 

K. 2.3.2  Prediction  of  ring  strengths 

Using  equation  K.2  and  the  above  A  values  for  Ottava 
Sand;  the  strength  of  sand  rings  vas  predicted  In  terns  of  the  pressure 
ratio  at  failure. 


TABUB  K.l  PREDICTED  RING  STRENGISS 


for  dense  sand 

for  loose  sand 

^0 

r  -  r , 

0  1 

l/k” 

1.5 

3,66 

2.49 

1/2" 

2.0 

9.20 

4.75 

1" 

3.0 

33.7 

10.6 

These  values  point  out  the  rapid  stz*ength  Increase  vlth  Increasing  ring 
thickness ,  and  the  extrene  sensitivity  of  to  changes  1&  the  soli  density. 

K.3  Testing  technique 
K,3.1  Equipment 

A  modified  Norwegian  Geotechnical  Institute  tarlazial  cell 
(with  a  two  Inch  opening  In  the  base  plate)  was  used  as  the  pressxire 
vessel. 

Main  design  specifications  for  the  Incite  base  and  cap  assenbly  were: 
a)  to  hold  the  outside  and  the  Inside  membrane  In  place;  b)  to  allov  the 
preparation  of  the  saiqple;  and  c)  to  prevent  any  displacement  of  the  top 
assembly;  so  that  the  soil  approaches  a  state  of  plane  strain.  To  satisfy 
(a);  a  system  with  conical  Incite  pieces  and  0-rings  vas  devised  to  hold 
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the  Inner  membrane.  A  central  steel  rod  satisfied  the  requirements  of 
specification  (c).  Ihe  testing  device  Is  shovn  in  Figure  K.2. 

Before  Phase  Two  was  begun,  the  original  equipment  was  somewhat  modi¬ 
fied,  based  on  the  experiences  of  Phase  One.  !nie  most  Important  change 
Involved  use  of  new  membranes.  In  the  tests  of  Phase  One,  a  double  thick¬ 
ness  of  commercial  rubber  prophylactics  had  been  used  for  diameters  of 
1”  and  while  in  the  later  teats,  "homemade"  rubber  membranes  were 
used.  These  membranes  had  the  advantages  of  much  higher  resistance 
against  mechanical  damage  and  the  possibilities  of  desired  variations  in 
size  and  thickness.  They  were  produced  at  a  standard  thickness  of  6/IOOO 
of  an  inch,  by  a  method  described  in  HARVARD  (19^)  . 

K.3«2  Preparation  of  samples 

Well-graded  dry  Ottawa  Sand  was  used  at  void  ratios  between 
0.48  and  0.3^.  The  fzlctlon  angles  of  this  material  as  a  function  of 
the  void  ratio,  were  determined  by  trlaxlal  tests  on  2.8"  samples,  and  the 
restilts  can  be  seen  in  Figure  9. 

During  flUlng-ln  and  ccmpactlng  of  the  soil,  both  membranes  were 
bewked  tq)  by  molds.  When  the  surface  of  the  soil  had  reached  the  desired 
level,  the  main  top  luclte  piece  was  put  In  place,  the  membranes  were 
connected  to  It,  a  full  vacuum  was  applied  to  the  soil,  the  molds  were 
removed,  and  the  luclte  cover  piece  was  screwed  on.  Then  accurate  initial 
sample  dimensions  were  mea8\ired,  and  the  sample  was  ready  for  testing. 

K.3»3  Observations 

The  strength  data  from  all  tests  in  texms  of  ^  =  ^o^^i 
failure  were  obtained.  If  these  data  alone  were  desired,  the  procedure 
was  to  apply  increasing  equal  gas  pressures  to  the  cylinder  cavity  and 
outside  chamber  \dille  reducing  the  soil  vacuum  to  zero,  then,  with  the 
soil  under  atmospheric  pressure,  to  Increase  the  outside  pressure,  lAille 
keeping  the  inside  pressure  constant,  until  failure  todk  place.  This 
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procedtire  vas  used  only  in  a  few  tests  of  the  First  Phase 


In  all  other  tests,  in  addition  to  strength  data,  deformations  of 
the  hollow  soil  cylinder  were  also  observed.  For  this  purpose,  the  total 
volme  changes  undergone  by  the  inner  and  outer  surfaces  vere  measured  as 
pressure  vas  applied.  Due  to  the  elastic  properties  of  the  pressure  cell, 
plastic  tubing,  and  burette,  the  pressure  of  the  volume  to  be  measured 
had  to  be  kept  constant.  Consequently,  in  tests  with  measurement  of  out¬ 
side  volume  changes,  the  outside  pressure  vas  kept  constemt  during  the 
test  and  the  inside  pressure  lovered.  When  inside  volume  changes  vere 
measured.  Inside  pressures  were  kept  constant  and  outside  pressures  vere 
raised  to  failure. 

In  the  Second  Phase  of  the  work,  an  attempt  vas  also  made  to 
measure  diameter  changes  or  circumference  chaises  directly  by  means  of 
mechanical  devices  attached  to  the  sample.  One  of  these. is  shown  in  Figure 
3a.  Unfortunately,  these  devices  could  never  be  made  to  work  properly,  and 
additionally  there  vas  evidence  that  the  presence  of  the  device  (having 
seme  rigidity)  altered  the  failure  mode  and,  thereby,  probably  the  strength 
properties  of  the  sanple.  Due  to  lack  of  time  for  further  experimentation, 
this  method  therefore,  had  to  be  abandoned. 

K.3*^  Fallvtre 

Failure  occurred  in  all  cases  suddenly,  with  the  sample 
caving  in  along  a  characteristic  fallxire  line  vhlch  is  straight  in  its 
central  part  and  bent  over  near  the  ends.  Some  typical  failure  lines 
are  shovn  in  Figures  K«3a  and  K.3b.  Figure  K.3b  also  shows  a  typical 
failed  sample  cross-section. 

nie  nature  of  the  failure  lAienomena  corroborates  the  assuBQttlon 
that  collapse  is,  in  fact,  caused  by  ring  ccmpresslon  failure,  vhlch 
foims  the  basis  of  the  theoretical,  considerations.  It  also  verifies  the 
tacit  assumption  that  the  loi^ttudlnal  cylinder  stresses  atre  in  the  role 
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of  Intemedlate  principal  stresses^  at  least  over  the  central  part  of  the 
sample. 


K»k  Testing  Phase  One 

K.4,1  Description 

In  this  phase  a  number  of  tests  vere  run  on  saaiples  of 
and  1"  cylinder  vail  thicknesses  and  hel^t.  In  a  number  of  the 
tests,  volume  changes  of  the  outside  or  the  inside  surfaces  of  the  samples 
vere  observed. 

It  vas  attenpted  to  compact  all  samples  as  closely  as  possible  to 
the  same  density.  Within  ewh  group,  this  could  be  achieved  fairly  veil 
(strength  results  of  tests  on  sasples  vith  odd  densities  vere  adjusted 
to  correspond  to  the  mean  density  of  the  group),  but  the  mean  calculated 
void  ratios  of  the  groups  of  tests  vere  considerably  varied,,  probably 
due  to  the  different  compaction  characteristics  of  samples  of  different 
vail  thicknesses,  and  possibly  due  to  systematic  errors  in  the  detezmlnation 
of  the  void  ratios. 

A  number  of  other  difficulties  became  apparent  and  had  to  be  over- 
cone  one  by  one.  Most  troublesome  vas  the  elimination  of  all  possibili¬ 
ties  of  leakages. 

K.4.2  Results 


Hie  significance  of  this  first  testing  phase  vas  tvofold: 
first,  it  gave  the  opportunity  for  perfecting  the  e<iilpment  and  testing 
techniques:  and  secondly,  it  provided  preliminary  results,  vhlch  can  be 
sunmarized  as  foUovs; 

a)  Cylinder  geometry  and  soil  density  being  equal,  a  plot 
of  p^  versus  p^  at  failure  resulted  in  a  straight  line. 
Such  a  result  indicates  that  the  strength  of  hollow  soil 
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cylinders  can  l3e  expressed  as  the  ratio  of  outside  to 
inside  pressure  at  failure. 

b)  The  strength  ratio  is  a  function  of  sample  geometry  and 
soil  friction  angle.  Soil  friction  angles^  necessary  to 
explain  the  observed  strength  backcalculated  by  the  theory 
developed  in  Section  K.2,  were  of  the  right  order  of  magni- 
tUde.'  Hie  evidence  was,  however,  insufficient  to  verify 
the  theoretical  relationship.  It  was  thought  at  the  time 
that  end-effects  due  to  the  lateral  supports  and  systema¬ 
tic  errors  in  obtaining  the  void  ratio  distorted  the  re¬ 
sults  . 

c)  Crude  values  of  the  saniple  deformations,  both  on  the  outside 
and  on  the  Inside,  could  be  obtained  by  volume  change  meas¬ 
urements.  It  was  seen  from  these  values  that  a  significant 
decrease  in  inside  diameter  was  necessary  to  mobilize  the 
full  strength  of  the  soil  cylinder. 

K«5  Testing  Phase  Two 

K.5.1  Description  of  tests 

In  this  phase,  tests  were  run  on  cyllxxiers  of  two  nominal 
wall  thicknesses,  and  two  different  lengths,  5”  and  3”  ("long” 

and  "short"  sauries);  and  at  void  ratios  varying  over  a  range  of  0.49  to 
0.^3*  In  almost  all  tests  either  the  inside  or  the  outside  volume  change 
was  observed.  Additionally  the  rate  of  load  application  was  varied  over 
a  certain  range  and  roughly  recorded.  A  listing  of  pertinent  data  of  all 
tests  In  this  phase  Is  given  In  Table  K.2. 

K.9*2  Results 

K.5.2.1  Main  strength  data 

Taking  advantage  of  the  concloston  x«ached  in  Riase 
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Otie^  namely,  that  for  a  given  density  and  gecmetry,  all  data  points  lie 
on  a  straight  line  in  a  plot  6f  inside  versus  outside  pressure  at  failure, 
the  ratio  ^  =  Pq/p^^  of  "the  pressures  expresses  the  strength  result  of  a 
test.  For  each  cylinder  vail  thickness  this  ratio  vas  plotted  versus  the 
initial  void  ratio  of  the  sample.  The  plots  are  shovn  in  Figures  K.4  and 
K.6  for  the  tvo  vail  thicknesses,  respectively,  vherehy  both  the  data 
points  from  the  "long"  and  from  the  "short"  samples  are  shovn  On  the  same 
plot.  An  inspection  of  these  plots  shovs: 

a)  For  vail  thickness,  all  points,  vlth  the  exception  of 
point  12,  lie  close  to  a  single  line,  henceforth  called 
the  "main  strength  line". 

b)  For  vail  thickness,  all  points  lie  close  to  either  one 
of  tvo  lines.  The  upper  line  is  the  aain  strength  line, 
vhereas  the  lover  line  is  a  line  representing  sobm  type 
of  premature  failtire. 

From  the  common  main  strength  line  for  "long"  and  "short"  samples, 
it  can  be  concluded  that  the  stretgth  of  hollow  soil  cylinders  is  approx¬ 
imately  indejwndent  of  length,  l.e.,  lateral  supports  have  no  effect  on 
strength* 


K.5.2.2  Volxaae  change  at  failure 

For  each  vail  thickness,  inside  and  outside  volume 
changes  vere  plotted  against  void  ratio.  Ihese  plots  are  shovn  in  Figures 
5  and  7,  In  plotting  the  data  from  the  tests  on  "short"  samples,  it  vas 
found  tint  by  multiplying  the  volume  changes  by  5/3  (the  ratio  of  "Uie  tvo 
sample  lengths)  the  best  possible  correlation  betveen  the  data  for  long 
cmd  short  samples  vas  achieved.  Corresponding  points  could  then  be 
reasonably  veil  connected  by  straight  lines  in  all  cases,  so  that  only 
one  data  point  vas  significantly  off  (by  more  than  1  cm  ). 

A  rough  examination  shovs  that  the  outside  volume  changes  increase 
vlth  increasing  void  ratlo^  vhereas  the  inside  vplume  changes  decrease. 
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The  difference  between  outside  and  inside  volume  changes  represents  the 
volume  decrease  of  the  soil  sar^jle  (positive  at  large  void  ratios;  nega¬ 
tive,  i.e*,  dilatation,  at  small  void  ratios),  lliis  agrees  qualitatively 
with  the  known  fact  that  loose  sands  consolidate  and  dense  sands  e:^nd 
under  sheeo:. 

The  good  fittlng-ln  of  the  adjusted  "short"  sample  data  in  all 
cases  indicates  that  the  final  volume  changes  of  the  cylinders  are  indeed 
proportional  to  the  cylinder  length,  as  was  arbitrarily  assumed  earlier. 
This  fact,  together  with  the  known  phenomenon  of  equal  strength  of  samples 
with  different  lengths,  can  only  mean  that  the  samples  deform  cylindri- 
cally  over  most  of  their  length,  which  is  edso  proved  by  many  of  the  ob¬ 
served  fallxire  lines  (see  in  Figure  K.3). 

K.5.2,3  DevelopiBent  of  volume  cheuages  under  loading 

Some  typical  curves  of  volume  change  versus  pressure 
ratio  are  shown  in  Figure  K.8.  It  is  interesting  to  note  that  many  of  the 
curves,  especially  those  for  moderately  fast  tests,  show  a  distinctive 
discontinuity  at  some^Aiere  between  60^  and  80^  of  the  final  pressure  ratio. 
Due  to  the  f€wt  that  the  pressures  were  applied  in  finite  steps,  only  a 
possible  range  of  the  exact  location  of  the  break  (in  terms  of  Ilf  )  can 
be  given.  This  range  is  shown  on  the  strei^th  plots.  Figures  K.U  and  K.6, 
for  all  samples  ejdilbltlng  the  sudden  break. 

K.^.2.4  Time  effects 

Unfortunately  the  rate  of  loading  in  the  experiment 
was  not  as  well  controlled  as  would  have  seemed  desirable  in  retrospect. 

!I3ie  reason  for  this  omission  was  the  belief  that,  as  long  as  the  load 
was  applied  relatively  slowly,  no  slgaificcmt  effects  of  the  loading  rate 
would  be  encountered.  Nevertheless,  the  time  history  of  loading  of  all 
except  the  fastest  tests  was  approximately  recorded,  and  these  records 
proved  to  be  of  great  help  in  correlating  and  explalaiag  many  of  the  test 
results,  which  did  indeed  show  a  time  effect.  The  foUowing  Specific  tine 
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effMts  ’bocaae  evldemt  from  these  efforts: 

a)  Strength  results:  Correlatlsg  strength  data  aad  loadlag 
rates.  It  Is  seen  that  all  data  i>olmts  falling  much  helov 
the  mala  strength  lines  stem  from  tests  vlth  loading  times 
of  less  than  six  minutes  for  the  last  of  the  load, 
\diereas  all  data  points  lying  on  the  main  strength  lines 
are  for  loading  times  larger  than  six  minutes* 

h)  The  discontinuity  of  the  volume  change  curve  mentioned 
earlier  vas  observed  in  all  tests  reaching  the  main 
strength  line,  except  the  slowest  ones. 

K.5»2.5  Premature  failure 

Figures  K.4  and  K*6  show  that  all  strength  data  points 
falling  much  below  the  main  strength  line  (l.e.,  i>olnts  representing  pre¬ 
mature  fallxire),  and  the  ranges  of  sudden  volume  changes  can  approKlmately 
be  c<xmected  by  a  single  line  In  each  plot*  Oils  common  line  suggests 
the  following:  apparently  there  is  a  critical  stage  In  the  develojiBent 
of  the  ring  strength,  at  which  readjustments  of  considerable  magnitude 
have  to  be  made  In  order fcr  the  saa^le  to  accommodate  higher  loads*  De¬ 
pending  on  the  rete  of  loading,  three  types  of  bdiavior  are  possible  at 
this  stage:  a)  If  the  loekl  Is  raised  rapidly  past  this  point  (before 
the  relatively  slow  adjustments  could  take  place),  the  saiq>le  will  fall 
prematurely;  b)  If  the  loading  rate  Is  moderate,  the  adjustments  axe 
liable  to  take  place  suddenly,  as  evidenced  by  the  observed  sudden  large 
deformations,  but  collapse  Is  avoided;  and  c)  If  the  loading  rate  Is  slow, 
no  recognizable  discontinuity  In  the  volume  change  curve  will  be  obtained. 


K.5.3  Preliminary  summary  of  results 

It  seems  useful  at  this  time  to  summarize  briefly  the  tenta¬ 
tive  conclusions  which  hove  been  reached  so  far,  l*e*«  before  any  attempt 
is  made  to  correlate  the  results  of  the  tests  on  cylinders  of  varying 
t^cknesses: 
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a)  For  each  vail  thickness,  the  strength  of  reasonably 
slowly  loaded  sanqples  Is  a  unique  function  of  the 
Initial  void  ratio  of  the  sang>le,  Independent  of 
sample  length* 

h)  For  each  wall  thickness,  specific  volume  changes  at 
fallxxre,  l«e.,  volume  changes  per  unit  length  of  the 
cylinders,  both  inside  and  outside,  are  imique  func¬ 
tions  of  the  initial  void  ratio.  Ihe  near  occurrence  of 
"premature  failure"  does  not  seem  to  affect  volume 
change  at  "main  failure”,  since,  after  the  sudden  large 
voltsne  change,  almost  no  further  volume  change  takes 
place  until  fallvire  is  reached  (e.g..  Test  115,  Flgxire 
K.8),  whereas  volvoae  change  curves  of  samples  not 
e3q;>erlenclng  the  discontinuity  get  continuously  steeper 
iintll  failure  occurs  (e.g*.  Test  111,  Figure  K.8). 

c)  There  is  a  critical  load  below  the  main  failure  load, 
at  which  rapidly  loaded  samples  fail  prematurely,  and 
sanples  loaded  at  an  intermediate  rate  experience  a 
sudden  large  deformation  without  failure.  Ibis  critical 
load  is  also  a  unique  function  of  the  void  ratio  for 
each  wall  thickxiess. 

K*6  Bvaluatlon  and  discussion  of  results 
K.6.1  Main  strength  data 

Evaluation  of  the  strength  data  is  done  by  backcalcUlatlng 
the  friction  angles  of  the  soil  from  the  test  results,  vising  the  theoretical 
strength  relationship  derived  in  Section  K.2.  Ibis  procedure  is  Justified 
by  the  absence  of  length  effects  which  reduces  the  problem  from  that  of  a 
three-dimensional  cylinder  failure  to  that  of  a  two-dimensional  ring  fid^lure. 
Soil  friction  angles  for  both  wall  thicknesses  were  backcalculated  at  two 
void  »tlos  at  the  ends  of  the  range  covered  in  the  tests.  Ibey  were  bcused 


on  the  saaiple  dimensions  at  failure  \Ailch  vere  obtained  by  correcting  "ttie 
Initial  sample  dimensions  on  the  basis  of  the  measured  volume  changes* 

The  rubber  membranes  vere  Included  In  the  soil  dimensions  In  order  to 
rou^h^  approximate  their  strength*  Tbe  results  are  presented  In  the 
foUovlng  table* 


TABU  K*3  MAIN  STRENOTH  DATA 


Kbmlnal 

Void  Ratio  0*49 

Void  Ratio  0*53 

Wall  Tblckness 

(P 

5.5 

40*9 

4*58 

39.4 

18.5 

4l.lf 

11*8 

39.1 

From  a  single  exploratory  test  on  a  sample  with  a  one  Inch  vail 
thickness  (void  ratio  0*50),  the  friction  angle  vas  baekcaleulated  to 
be  B  78*5)  *  nie  agreesient  of  this  nuaber  vlth  the  data  In 

the  table  Is  remarkable* 

The  agreement  betveen  the  baekcaleulated  friction  angles  for  the 
tvo  vail  thicknesses  Is  very  good  at  both  densities*  If  one  tries,  hov- 
ever,  to  compeure  these  friction  angles  vlth  friction  angles  of  vell'graded 
Ottava  Sand  obtained  by  other  methods,  it  is  seen  from  Figure  K*9  that  the 
latter  aoe  lover  by  several  degrees,  tte  difference  remaining  approadmately 
constant  over  the  density  range* 

.  It  Is  hard  to  find  the  right  ejqplanatlon  for  this  phenoaiexton* 

Testing  of  samples  Of  different  lengths  and  different  vail  thicknesses 
made  It  possible  to  eliminate  a  number  of  possible  causes  of  the  dlfferezme, 
such  as  the  Influence  of  end  s\Q>ports,  systematic  errors  In  determining 
the  void  ratio,  and  probably  the  lnfl\aenoe  of  the  strength  of  the  membranes 
(tiiough  small  effects  of  the  membrane  strength  might  be  Included  In  the 
result)*  i^e  only  other  possibilities  the  vrlter  Is  a#are  of  are  an  Increase 
In  the  angle  of  friction  of  the  material  in  the  ring  compression  :condltlpn, 


and  fallxire  of  the  theoretical  relationship  to  desc^he  l^e  failure 
condition  accurately* 

There  is  considerable  evidence  that  the  theoretical  relationship  is 
correct*  It  evolved  by  integration  from  that  condition  of  plastic  equili¬ 
brium  all  through  the  cylinder  vail  vhlch  resulted  in  maximum  ring  compress¬ 
ive  strengthi  and  the  observed  phencmena  at  failure  indicated  Indeed  that 
collapse  occurred  due  to  e:diaustlon  of  the  conpresslve  strength  of  the 
cylinder  vail.  Ihe  consistency  of  backcalculated  friction  angles  for 
varying  ring  thicknesses  Is  another  indication  that  the  theory  is  correct* 

From  the  preceding  discussion  it  must  be  concluded  that  the  cedciilated 
friction  angles  are  Indeed  the  true  friction  angles  mobilized  in  the  soil 
at  failure^  l.e.,  they  do  not  represent  a  strength  increase  due  to  other 
causes. 


Despite  all  of  the  past  research  into  the  strength  behavior  of  sands, 
there  is  still  a  great  deal  about  this  subject  vhlch  is  not  knovn.  It 
has  been  established  that  the  greater  friction  angle  of  a  dense  sand  (ets 
compared  to  a  loose  sand)  is  quantitatively  related  to  the  vork  \Alch  must 
be  done  to  expand  the  dense  sand*  Ihe  implication  is  that  it  is  easier, 
vhen  shecolng  a  dense  satvi,  to  do  the  extra  vork  necessaoy  to  expemd  the 
sand  than  it  is  to  shear  it  at  its  original  volune.  Ohls  "dllatancy 
correction"  actually  has  been  studied  only  for  trlaxlal  and  direct  shear 
testing  conditions*  Ihere  are  certain  contradictions  in  the  results  vhlch 
have  been  obtained,  and  there  has  been  no  really  thorough  study  of  the 
developsMnt  of  shear  resistance  in  dllatant  sands*  It  is  not  hard  to 
imagine,  however,  that  a  sand  has  greater  difficulty  in  e3q;>andlng  in  a 
ring  compression  test  than  in  a  trlaxlal  or  direct  shear  test,  and  that 
the  shear  resistance  is  correspondingly  greater*  Recent  tests  at  the 
university  of  London  have  resulted  in  larger  friction  angles  for  "plain- 
strain"  trlaxlal  tests  than  for  cooventlonal  trlaxlal  tests*  JQso,  it  has 
frequently  been  observed  that  the  friction  angles  of  sands,  backflgured 
from  small  plate  bearing  tests,  do  not  agree  with  the  friction  angles  as 
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neastired  in  triaxlal  or  direct  sheen:  testa 


In  summary,  all  the  availahle  evidence  Indicates  that  the  theoretlce^ 
relationship  developed  In  Section  K*2  correctly  describes  the  observed 
phenomena,  but  the  friction  angle  to  be  used  is  considerably  higher  than 
that  obtained  from  trlenclal  tests  on  the  same  soil  at  the  same  density* 

All  other  possible  explanations  vhlch  mlj^t  bridge  the  gap  between  theory 
and  e^^erljnental  data  have  been  eliminated,  such  as  effects  of  saaple 
length,  systematic  errors  in  the  calculated  void  ratio,  and  the  effects 
of  membrane  strength* 

K*6*2  Volime  changes 

Coitq;iarlson  of  the  plots  of  volume  changes  at  failure  versus 
void  ratio  for  the  two  wall  thicknesses  In  Flgiures  K*5  and  K*7#  shows  the 
following: 

Qualitatively,  the  trend  of  observed  voliaie  changes  is  the  same  at 
both  wall  thicknesses*  With  decreasing  void  ratio,  the  outside  volume 
change  at  failure  decreases  and  the  Inside  voluae  change  at  failure  In¬ 
creases*  Ohe  results  agree  with  comoon  sense  considerations*  A  loose 
saiq>le  deforms  mainly  by  being  caBq;>ressed  frcm  the  outside  as  outside 
pressures  are  applied,  without  too  much  defoxvation  on  the  inside*  A 
dense  soil  cylinder,  on  the  other  hand,  due  to  Its  rigidity  undergoes 
only  small  outside  defoxmatlons  as  outside  pressure  is  applied,  but  has 
to  displace  Into  the  cavity  In  order  to  dilate* 

Quantitatively,  the  results  do  not  seem  to  agree  too  well*  Accord¬ 
ing  to  the  data,  the  critical  void  ratio  (l*e*,  the  Initial  void  ratio, 
for  which  the  saaq^le  has  the  same  volune  Initially  and  at  failure)  Is 
about  0*50  for  the  ^  cylinder  wall  and  0*^2  for  the  cylinder  wall* 

Also  the  relative  slopes  of  the  voluae  change  curves  disagree  somewhat* 
Differences  of  the  strain  conditions  In  the  geoautrlcally  different  sam¬ 
ples  are  certainly  partly  responsible  for  ttiie  observed  discrepancies,  and 
these  differences  team  up  with  the  scarcity  and  relative  Inaccuracy  of 

*  For  each  voluae  change  curve,  there  are  only  half  as  many  data  points 
as  for  tiw  strength  relationship  curve* 
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the  data  to  render  the  fomulation  of  a  reliable  correlation  hetveen  the 
volvme  changes  of  the  different  sized:  samples  la^sslhle  at  this  time. 
Nevertheless,  a  general  Idea  of  the  magnitudes  of  defonnatlon  required  to 
develop  the  coorpreBslve  strength  of  the  soil  ring  can  he  obtained.  The 
reduction  in  Inside  diameter,  for  Instance,  might  vary  between  a  minimum 
of  0.013”  for  wall  thickness  and  relatively  loose  soil  to  a  maximum  of 
0.03^”  for  vail  thickness  and  dense  soil;  the  corresponding  radial 
strains  are  1.3^  and  3.^^  respectively.  These  are  very  large  numbers, 
if  one  thinks  of  the  soil  ring  as  acting  together  vlth  a  st^txiral 
lining. 

K.6.3  Premature  failure 

In  the  strength  plots,  the  connon  lines  of  premature  failure 
and  occvurence  of  sudden  volume  changes  are  of  different  character  for 
the  tvo  vail  thicknesses.  For  vail  thickness  (Figure  K.4),  the  line 
Is  horizontal,  l.e.,  the  pressure  zatlo  Is  Independent  of  void  ratio. 

For  ^  vail  thickness  (Flg\iw  K*6),  the  line  Is  slewing  down  to  the  right 
almost  as  much  as  the  main  strength  line.  Backcalculatlng  the  soil  fric¬ 
tion  angles  corresponding  to  the  observed  pressure  ratio,  as  vas  done  for 
the  main  strength  lines,  one  finds: 


TABLB  E.4  FRBiATURB  FAZLURB  MTA 


Ifomlnal 

Void  Ratio  0.49 

Void  Ratio  0.53 

Thickness 

IS 

<t> 

3.55 

36.0® 

3.55 

36.4 

¥ 

13.6 

39.8® 

8.0 

36.8 

The  agreement  of  the  friction  angles  for  the  loose  soil  Is  very  good; 
for  the  dense  soil  not  good.  Plotted  In  Figure  K.9,  the  curves  are  seen 
to  be  located  between  the  exuves  representing  the  main  strength  lines  and 
the  trlaidal  test  data.  Beyond  'Uiat,  however,  not  much  ■en'e  can  be  said 


about  their  general  location.  In  the  investigated  cases,  they  seem  to 
lie  an  average  of  about  3  degrees  belov  the  friction  angles  of  the  main 
strength  lines >  with  the  values  varying  between  two  and  five  degrees* 

K.7  Conclusions 

K.7*l  Strength 

:ihe  strength  of  hollow  soil  cylinders,  sysmetrlcally  loaded 
at  a  very  slow  rate,  can  be  expressed  in  texvs  of  the  ratio  of  outside 
pressure  to  inside  pressure  at  collapse  of  a  cylinder  with  a  given  geoM- 
try.  !Ihe  ratio,  using  medium-dense  to  dense  Ottawa  Sand,  varies  between 
4  and  5*5  for  a  wall  thickness  of  half  the  inside  radius,  and  between  12 
and  20  for  equal  soil  thickness  and  inside  radius,  depending  on  the  exact 
density.  No  significant  Influence  of  the  length  of  the  cylinder  could  be 
observed. 

A  general  strength  relationship: 

was  derived  theoretically  for  conpresslon  failure  of  a  soil  ring.  It 
explained  the  differences  in  strength  with  density  change  and  change  in 
ring  geometry  very  well,  except  that  the  soil  friction  angles  used  for 
beat  correlation  were  considerably  higher  at  a  given  density  than  the 
friction  angles  obtained  by  trlazlal  teits.  Obe  change  in  friction 
angle  is  most  probably  caused  by  the  entirely  different  conditions  of 
load  application  and  straining  In  the  two  cases* 

K*7*2  Deformations 

Defoxmatlons  of  the  cylinders,  in  tezms  of  radial  displace¬ 
ments  of  both  .the  outside  and  the  inside  surfaces,  were  observed*  These 
displacements  Itidlcated  the  possible  ranges  of  these  defozmations  and  their 
dependence  \Q)on  soil  density  and  ring  gecnetry*  Most  important  for  appli- 
caticmi  to  the  interaction  of  soil-structure  systems,  they  sbowed  that  a 


sigxilf leant  decreaBe  of  the  Inside  diameter  (1  to  hfjt)  Is  necessaxy  to 
Biohlllze  the  full  stMngth  of  the  aoll  ring* 


K.7*3  Time  effects 

Variation  of  the  rate  of  load  application  yielded  Interesting 
results:  If  the  cylinders  vere  loaded  at  a  loading  rate  faster  than  a 
critical  rate  (uhleh  vas  of  the  order  of  magnitude  of  6  minutes  for  the 
last  of  the  load),  they  failed  prematurely^  at  failure  pz^ssure  ratios 
reduced  by  20  to  hCfjtt  If  the  samples  vere  loaded  at  an  Intermediate  rate> 
they  e:^rienced  a  sudden  deformation  at  a  load  about  equal  to  the  failure 
load  of  the  fast  teiits,  but  they  did  not  fall  and  vent  on  to  sustain 
load  Increases  tip  to  the  limit  established  by  slov  tests.  Only  quite  slov 
tests  (more  ‘thanl^  minutes  for  the  last  30^  of  the  load)  shoved  no  dis¬ 
continuity  In  the  curve  of  voImm  changes  versus  pressure  ratio. 


Flexible  impervious 
membranes  on 
inside  and  autside 


Inside  pressure 


Outside  pressure 


FIGURE  K.I  TESTS  ON  HOLLOW  SOIL  CYLINDERS 


6  -  -j|-"  Bolts 


FIGURE  K.2  TESTING  DEVICE 
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palled  "long"  sample  of 
wall  thickness.  Shown 
also  is  a  gadget  attached 
to  the  saiQ>le  in  an  unsuc¬ 
cessful  attenpt  to  measure 
dlaa»ter  changes  iinder  load¬ 
ing. 


Palled  "short"  sample 
of  wall  thickness  . 


PAIIZD  SAMPLES 
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Pigure  K.3» 


Typical  failure  af 
a  "  -  wall  "lang" 
sample 


Failure  of  the 
l  "  -  wall  sample 


Typical  failure  of  a 
y"  -  wall  "long" 
sample 


Cross  section  through  typicol 
foiled  sample 


FIGURE  K.3b  SKETCHES  OF  FAILED  SAMPLES 
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O  "Long"  Samples  (5") 
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.Premature  Foilure  Line 
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FIGURE  K.4  STRENGTH  DATA  OF  SAMPLES 


FIGURE  K.5  VOLUME  CHANGES  AT  FAILURE  OF  -  SAMPLES 

NORMALIZED  FOR  5"  SAMPLE  LENGTH 


,25- 


-26- 


FIGURE  K.7  VOLUME  CHANGES  AT  FAILURE  OF  -  SAMPLES 
normalized  for  5"  SAMPLE  LENGTH 
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FIGURE  K,8  TYPICAL  VOLUME  CHANGES  DURING  TEST 

data  of  SAMPLES 
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7 


Colculoted  from  tests 
for  moin  strength  line 


Colculoted  from  tests,  for 
premoture  foilure  line 


ANGLES 


I18T  OOP  SYMBOIS 


e  =  void  ratio 

a  Inside  pressure  at  failure 

p^  =  outside  pressure  at  failure 

r  =  variable  radius  between  r.  aikd  r_ 

1  p 

r^  =  saaple  Inside  radius 

r^  s  sample  outside  radltis 

Av  =  volume  changes  at  failure 
V  ®o 

a  =  =  pressure  ratio  at  failure 

O*^  =  major  principal  stress 

0*2  =  minor  principal  stress 

or.  «  soil  stress  In  radial  direction 
r 

o*.^  s  soil  stress  In  circnmiferentlal  direction 
<P  s  friction  angle 

A  a  principal  stress  ratio  at  failure  *  ) 
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Appendix  L 


TESTS  UPON  SOIL-SURROUNIED  FI£XIBLB  TUBES 


Appendix  L 

TBSro  UPON  SOIL-SURROUBiaD  lUnSLB  TUBBS 


L*1  Introduction 


The  tests  described  In  this  appendix  resulted  from  a  search  for  the 
simplest  conceivable  soil-structure  Interaction  e^^rlment*  It  vlU  be 
readily  appcurent  to  the  reader  that  tests  upon  circular  structures  embedded 
in  a  cylinder  of  soil  subjected  to  unlfom  radial  presstires  are  not  goii^ 
to  answer  all  of  the  many,  practical  problems  In  protective  construction 
design  practice.  However,  until  It  is  possible  to  in  a  rational 

systematic  way  the  rcsults  of  such  esperiamnts.  It  seems  clear  that 
genuinely  rational  designs  will  not  be  made  for  more  coavUcated  situations. 

L.2  Summary  of  previous  tests  at  M.I.T. 

L.2.1  Aluminum  tube  tests 

Ihe  Initial  study  was  begun  dvadoe  the  susamr  of  19>>9*  Tubes 
employed  In  this  first  series  were  extruded  aluminum  tubes  2.0  inches  In 
diameter  and  having  a  \mll  thickness  of  0.039  Inches.  Oba  theoretical 
buckling  strength  of  an  Infinitely  long  tube  of  this  material  was  com¬ 
puted  after  TSfOGHERKO  (1936)  to  be  121  psl.  FOr  a  tube  of  a  finite 
length  of  12  Inches  this  strength  would  Increase  to  l6o  psl. 

In  view  of  these  strengths  a  pressure  vessel  was  fabricated  to 
withstand  a  working  pressure  of  600  psl  and  a  total  of  5  tests,  were 
carried  out  on  plain  (l.e.,  no  soil  surrounding)  tubes  with  SR-4  strain 
gauges  attached.  The  tests  were  only  partially  successful  because  of 
failures  of  various  parts  of  the  i^paratus  as  a  result  of  the  hl|pi  press¬ 
ures.  No  consistency  In  buckling  strength  could  be  obtained,  nor  did 
the  buckling  strength  of  the  tubes  appear  to  be  a  function  of  tube  length 
as  It  should  be.  The  strain  reddings  obtained  could  not  be  interpreted 
prcrj^rly  because  there  was  no  ecmslstency  In  their  location  with  reqpect 
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to  the  eventual  huckllng  points*  One  test  vas  atteapted  vlth  0*4  Inches 
of  sand  axxnuid  a  tube  hut  could  not  he  carried  to  destruction  hecause 
of  failures  In  the  apparatus* 

nie  Inconsistencies  of  these  tests  could  he  attributed  to  varia¬ 
tions  In  the  Initial  vail  thickness  of  the  tubes  resxiltlng  frcn  extrusion 
processli^*  lOie  tests  also  denonstrated  the  difficulties  of  testing 
at  pressures  In  the  100  to  200  psl  region*  It  vas  recognized  that  t^ihes 
vlth  high  huckllz^  strengths  vould  require  thick  soil  layers  around  them 
before  the  soil  vould  appreciably  Inhibit  buckling^  and  such  coaiblnatlons 
could  be  eiqpected  to  reach  prohibitively  hlc^  pressures  before  failure* 
nie  obvious  conclusion  vas  that  a  different  type  tube  should  be  obtained 
vhlch  vould  be  considerably  less  strong  and  at  the  seiM  tine  have  sdnl- 
nnii  variations  In  Initial  dloenslons* 

During  the  fall  of  1959  a  study  vas  undertaken  to  obtain  a  more 
suitable  tube  for  testing.  The  original  tubes  (vhlch  vere  the  thinnest 
vails  available  connerclally)  vere  turned  dovn  to  0.020  Inches*  At 
this  thickness  the  buckling  pressure  of  a  12  inch  long  tube  vould  be 
43  psl,  still  rather  high,  axid  the  variation  in  thickness  vas  excessive* 

L*2*2  Plastic  tube  tests 

The  study  vas  then  directed  tovard  plastic  tubes  of  various 
types*  Polyvinyl  Chloride  (PVC)  and  Incite  tubes  vere  considered*  Both 
of  these  types  axe  foraed  by  extrusion  and  therefore  stiffer  the  saae  varia¬ 
tions  In  thickness  m  the  aluslmos  tubes*  In  addition,  the  tubes  vere 
available  only  In  relatively  thick  vail  sises  and  vould  have  required 
considerable  warhining* 

By  far  the  best  tubes  discovered  vere  phenolic  tubes*  These  .tubes 
are  nsurufactured  by  a  rolling  process  vhlcb  leal nates  paper  oir  fabric 
vlth  a  phenolic  zesln*  The  variations  In  vail  thickness  and  dlapMiter 
vere  found  to  be  practically  zero  and  the  tubes  vere  available  In  a  vide 
zange  of  dlaaetars  vlth  vail  thickness  as  lov  as  l/32  of  an  Inch* 
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Tests  employing  phenolic  tubes  vere  not  undertaken  until  the  spring 
of  i960.  Nine  tests  were  conducted  In  uhlch  tubes,  1  5/8  Inches  In  dia¬ 
meter  and  7  l/4  Inches  long,  were  used.  By  thenselTes  the  tubes  would 
buckle  at  approximately  l4  psl.  With  a  layer  of  Ottawa  Sand  only  0.2 
Inches  thick  surrotindlng  them,  the  tubes  withstood  pressures  as  high  as 
300  psl  without  fallxire*  In  those  tests  ikiere'^fallures  did  occur 
(generally  In  the  200  to  300  psl  region).  It  was  suspected  that  nature 
of  the  latex  membrane  on  the  outside  of  the  sand  was  the  cause* 

No  work  on  this  subject  was  conducted  during  the  sunser  of  i960. 

Idle  continuation  of  soil-surrounded  tube  tests  was  resused  In  the  fall 
of  i960  and  Is  described  In  the  following  sections. 

L.3  Theory 


L.3.1  Tube  failure  theory 

Failure  criterion  for  the  tubes  Is  buckling  under  lateral 
loading.  The  coqpresslve  stress  In  the  wall  Is  checked  to  ascertain 
whether  or  not  It  exceeds  the  proportional  Usdt.  For  the  materials 
and  geometry  used  In  this  work,  the  compressive  wall  stress  is  aon-crltl- 
cal,  as  It  Is  only  about  9^  of  the  proportional  Unit  at  the  mazimiai. 


Buckling  pressure  for  a  ring  under  compression  (and  hence  for  an 
elemental  section  of  an  Infinitely  long  tube)  is  given  by  the  following 
fdxmula  (TINOSHEKO,  1936): 

Eh^ 

■  12r  5  (1  .^) 
o'  ' 


where 


Ssr 

“■ 

buckling  pressure 

E 

- 

Young's  Modulus 

V~ 

« 

Poisson's  Ratio 

h 

ring  thickness 

8 

outside  radius 

Hbls  saae  fozvOla  can  be  applied  also  In  the  case  of  a  tube  vlth 
soBie  end  constraint  If  the  langth/dlaaeter  ratio  of  the  tube  Is  so  large 
that  the  stiffening  effect  of  the  ends  can  be  neglected.  The  accepted 
limiting  condition  fdr  this  case  is  a  xeitlo  of  ^0  *  If  the  ratio  Is  less 
than  ^Of  the  end  conditions  cannot  be  dlsr^arded  and  calculations  of 
the  Intensity  of  lateral  pressure  at  >dtich  buckling  occurs  must  batbased 
on  the  general  equations  of  defonatlon  of  a  cylindrical  shell.  The 
deyelopBient  of  these  equations  can  be  found  In  cos^lete  fom  on  pages 
throuc^  U53  of  reference  (2).  The  final  equation  for  buckling  press* 


ure  Is: 
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uhars:  a  -  outside  radius 

L  =  \insv(pported  length 
n  s  maiber  of  buckling  modes 


(Eqn.  L.2) 


In  the  experimental  vork  the  buckling  pressures  vere  measured  for 
various  L/a  values^  and  a  value  of  E  cosqputed  as  a  basis  of  cceQ)arlson  to 
theory.  The  mmber  of  buckling  modes  is  a  function  of  the  length/diameter 
ratio  and  vlU  alvaya  be  that  value  uhich  gives  the  smallest  q^^.  In  the 
reference  prevloiuly  mentioned,  values  of  n  have  been  plotted  In  tezns  Of 
dimensionless  ratios  Involving  tube  properties  and  geometry.  Observed 
buckling  characteristics  can  be  compared  to  -these  theoretical  values. 


L.3«2  Dlsc\isslon 

Failures  of  hoUov  soil  cylinders  have  been  gl-ven  consider¬ 
able  at-tentlon  In  recent  research  at  M.I.T*  Cylinders  of  veil-graded 
Ottava  sand  of  various  lengths  andesUAthicknesses  have  been  studied. 
Heasuxed  values  of  external  and  internal  pressings  at  failure  have  been 
Inserted  into  both  the  soil  failure  -theory,  developed  In  Appendix  X,  and 
the  tube  failure  -theory,  presented  here  ,  and  -the  corresponding  A  -  -values 
and  friction  angles  comnited. 
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Uie  tute  f ailtire  theory,  in  general  and  in  particular  for  thicker 
vailed  samples,  produces  friction  angles  vhlch  are  considerably  smaller 
than  accepted  values  for  Ottava  sand.  It  can  be  demonstrated  that, 
under  the  conditions  of  this  theory,  failiures  will  not  occur  in  thick- 
vailed  samples  at  noimal  friction  angles>  a  condition  vhich  simply  is 
not  correct. 

Friction  angles  congjuted  by  the  soil  failure  theory  have  been 
consistently  too  high,  but  have  alvays  been  consistent  for  various  vail 
thicknesses.  At  first  the  high  values  vtre  attributed  to  the  effect 
of  end  restraint.  Hovever,  recent  experiments  to  study  end  effects  have 
given  strong  evidence  that  there  is  no  measurable  change  in  soil  cylinder 
strength  as  a  result  of  end  restraint.  Tlie  veight  of  expetlmental  evi¬ 
dence  nov  indicates  that  the  soil  failure  theory  is  correct  and  the  high 
friction  angles  are  a  result  of  the  unusual  strain  conditions  of  the  soil 
ring. 

L.k  Procedure 

L.k.l  Selection  of  a  tube  for  testing 

In  the  fall  of  i960  the  same  problem  vhich  had  been  encounter¬ 
ed  a  year  before  vas  again  preventing  continuation  of  tube  tests.  Al¬ 
though  a  tube  material  only  l/lO  as  strong  as  the  original  aluminum  tubes 
vas  being  used,  testing  pressures  vere  again  causing  failures  in  various 
conponents  of  the  e^^rlmental  apparatus. 

At  that  time  tvo  cLltematives  vere  available.  Ihe  first  vas  to 
design  and  fabricate  nev  apparatus  capable  of  handling  much  higher  press- 
xores  (up  to  15OO  psi)  •  Althoxi^  it  vould  have  been  possible  to  overcome 
most  of  the  difficulties  Inherent  in  the  original  equipment,  it  vas  felt 
that  no  solution  could  be  found  to  improve  the  latex  membranes  vhich  had 
proven  unreliable  at  pressures  greater  than  200  psi.  This  fact,  combined 
vith  the  danger  of  the  high  pressures  and  the  difficulties  of  testing 
''bllnid''in  a  strong  pressure  vessel,  made  this  first  altexnative  undesirable. 
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The  second  choice  vas  to  obtain  veaker  tubes,  either  by  using  larger 
tubes,  or  by  employing  a  veaker  tube  material.  Larger  tubes  posed  prob¬ 
lems  of  locating  or  making  sufficiently  large  membranes,  and  their  test¬ 
ing  vould  be  time  consuming  to  carry  out  because  of  the  large  amount  of 
soil  ^Ich  vould  have  to  be  carefully  pieced  around  them.  In  view  of  the 
fact  that  a  large  number  of  tests  vere  planned,  this  vas  an  iqpprtant 
consideration. 

A  nev  search  for  a  veaker  tube  material  eliminated  commercial 
products  as  a  source  of  supply.  Althou^^  several  types  of  tubes  (e.g«, 
cardboard)  vere  located,  none  of  them  vere  veil  suited  to  the  test  re¬ 
quirements  . 

It  vas  found  that  satisfactory  tubes  could  be  fomed  by  rolling 
a  double  layer  of  heavy  aluminum  foil  on  a  glass  tube.  Ihe  layers  of 
foil  vere  bounded  together  by  a  thin  coat  of  shellac,  and  crude  prelim¬ 
inary  tests  indicated  that  the  tubes  vould  buckle  underca  lateral  load 
of  something  less  than  1  psl.  The  tubes  offered  certain  additional 
advantages  in  that  they  could  be  pjrodxiced  in  almost  any  size,  and  their 
ends  could  be  sealed  vlth  0-rlngs,  thus  eliminating  the  need  for  an  Inside 
meodarane  and  thereby  simplifying  the  apparatus  considerably* 

A  series  of  tests  vhich  had  a  tvofold  purpose  vas  undertaken  on 
the  alumlmmi  foil  tubes*  Ihe  first  vas  to  check  the  reproducibility  of 
buckling  pressures*  Ibe  second  purpose  vas  to  stxidy  the  effect  of  the 
length/diameter  ratio  on  the  buckling  strength  of  the  tubes*  A  total 
Of  12  tests  vere  run  on  4  groigm  of  3  tubes  each  of  lengths  15*0,  11*^, 
7*?/  and  5*0  Inches*  The  tube  diameter  in  all  tests  vas  1*616  inches* 

The  results  of  these  tests  are  summarized  in  Table  L*l* 

Young's  Modulus  has  been  cosQuted  from  the  known  buckling  pressure 
and  number  of  buckling  modes  for  each  test*  The  results  Show  only  fair 
consistency  in  the  buckling  pressures  and  rather  poor  agreement  in  the 
ccmgnited  moduH.  Despite  these  facts  the  decision  to  go  ahead  vith  foil 


-37- 


TABLE  L.l 
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See  Section  L.4.1 


tubes  vas  Bade.  It  vas  later  discovered  that  an  Instrumentation  error 
had/  In  all  likelihood,  contzlbuted  to  most  of  the  error* 

Qhe  Interior  of  the  tubes  had  been  vented  to  the  atmosphere  to 
prevent  a  bulld-vip  of  pressure  due  to  tube  deformation*  Ihis  vent  had 
been  led  Into  a  test-tube  of  vater  to  provide  a  check  for  leaks*  Ohe 
column  of  vater  acting  on  the  tube  vas  short,  but  could  have  contributed 
a  pressure  of  about  0.08  psi  to  the  tubes'  Interiors*  Ohis  would  easily 
account  for  all  the  variation  In  the  tube  buckling  strength  and  computed 
moduli,  mainly  because  the  error  was  not  a  constant  for  each  test* 

Control  tests  on  the  tubes  used  In  soil-surrounded  tests  have 
given  excellent  consistency  after  the  elimination  of  this  source  of  error, 
and  the  modulus  from  these  tests  has  been  used  to  compute  vhat  the 
pressures  should  have  been  In  the  original  tests*  Ihe  magnitude  of  the 
error  Is  vlthln  the  limits  of  the  estimated  e:^rlmental  error  for  all 
cases* 


A  complete  description  of  the  method  of  manufacturlngitubes  is 
Included  In  the  next  section. 

L*4*2  Preparation  of  Aluminum  Foil  Tubes 

Tubes  are  made  of  aluminum  foil  manufactured  by  the 
Reynolds  Metals  Company  and  marketed  under  the  name  of  "Heavy-Duty 
Reynolds  Wrap".  A  roll  of  foil  vas  selected  from  stock  vhich  appeared 
to  be  especially  free  from  vrlnkles,  dents,  and  other  imperfections  of¬ 
ten  obsezved  In  rolls  of  foil*  Ihe  foil  Is  0.001^  inches  thick  and  can 
be  obtained  in  rolls  l6  Inches  vide  and  ^0  feet  long. 

A  sharp  knife  and  stiff  stxal^t  edge  give  the  best  reszilts  In 
trimming  the  foil  to  size.  A  clean  glass  desk  top  is  a  good  working 
surface  for  cutting  and  rolling*  Cleanllnsss  is  Important  because 
any  grit  on  the  working  surface  dlsples  or  even  putictures  the  fPll* 
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The  foil  Is  rolled  to  a  double  thickness  on  a  luclte  tube  vlth  an 
overlap  of  ^  inch  on  the  seam.  Rolling  Is  best  accoiipllshed  In  the  sane 
direction  as  the  foil  uas  originally  rolled  in  its  box*  Obe  initial 
roll  is  made  vlth  no  shellac  to  check  dlnexislons  and  evenness.  Vpon 
unrolling  a  fine  line  is  discernible  vhere  the  tube  begins  to  roll  over 
itself  on  the  mandrel*  Shellac  is  painted  \ipon  this  line  vlth  a  vlde^ 
soft  brush.  A  thin  line  of  shellac  is  painted  on  the  inside  edge  of 
the  foil  vhere  it  vlU  touch  the  aaxidrel  to  aid  in  holding  the  edge 
dovn  as  the  roll  is  started* 

Once  the  tube  is  rolled  vlth  shellac,  it  must  be  quickly  removed 
fron  the  mazkdrel  to  prevent  its  becosdng  stuck.  Ihe  rolling  must  be 
done  smoothly  and  evenly  to  assure  a  fizm  fit  on  the  mandrel  and  a  vrlhkle- 
free  tube*  Upon  removal  the  tubes  are  stored  in  an  iqprjlght  position 
and  are  given  a  minimum  of  handling* 

The  mandrel  is  a  luclte  tuibe  vlth  nominal  diameter  of  1  5/8 
inches*  It  vas  selected  from  stock  to  be  particularly  unifozm  in  diameter 
at  all  sections*  It  is  easily  cleaned  vlth  alcohol  after  each  rolling 
process*  A  line  scribed  longitudinally  along  the  tube  aids  in  starting 
the  foil  evenly  during  rolling* 

The  tubes  prepared  for  testing  are  11  inches  long,  1*630  inches 
in  diameter,  and  have  a  vail  thickness  of  0*0030  inches  (the  shellac 
contributes  no  measurable  amount  to  the  vail  thickness)  * 

L*4*3  Apparatus 

The  special  apparatus  prepared  for  the  soll*s\irrounded  tiibe 
teste  vhlch  is  shovn  in  Figures  L*2  and  L*4  consists  of  relatively  slaple 
parts  fabricated  from  Incite  and  aluminum.  !Rie  base  is  a  luclte  piece 
2  inches  in  diameter  vlth  a  raised  portion  the  diameter  of  the  tubes  to 
be  tested*  An  aluminum  rod,  11*?  inches  long,  vhlch  serves  to  carry 
all  aalal  stress,  is  screved  fizmly  into  the  center  of  thebase*  A  small 
hole  in  the  top  of  this  rod  serves  to  vent  the  interior  of  the  thbe  through 
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the  top  cap*  A  nut  soldered  at  'Uie  top  of  the  rod  Insures  that  the 
top  cap  is  in  the  same  place  during  each  test  so  that  the  unsxqppcnrted 
length  of  the  tube  Is  a  constant  for  all  tests* 

Because  the  tube  must  be  supported  uhile  the  soil  is  being 
placed^  the  top  cap  consists  of  tvo  pieces  to  allov  sealing  after  the 
support  is  vlthdravn*  The  first  piece  screws  down  inside  the  tube  so 
that  the  Interior  is  sealed*  The  asctadi. piece  seals  the  soil  column 
and  contains  fittings Ibr  the  tube  interior  and  soil  pressure  vents. 

An  0-rlng  prevents  leakage  between  the  soil  system  and  the  tube  interior 

Luclte  tubes  of  appropriate  sizes  serve  as  molds  while  the  soil  is 
being  placed*  These  molds  cure  cut  in  half  longitudinally  so  that  they 
can  be  removed  during  the  test*  The  tube  is  supported  by  a  luclte  rod, 
the  same  one  xipon  which  it  was  originally  fozned.  The  end  pieces  can  be 
adapted  for  use  with  any  soil  thickness  by  the  addition  of  luclte  rings 
which  serve  to  Increase  their  diameter  to  the  proper  size*  The  major 
advantage  of  this  apparatum  over  that  used  in  ecurller  soil-tube  tests 
is  that  the  pressure  in  the  soil  and  the  Interior  of  the  tube  are  iso¬ 
lated  from  each  otbbr  and  can  be  controlled  Independently* 

The  pressure  cell  in  which  tests  were  run  is  an  old  MIT  trlaxlal 
cell,  1^  Inches  high,  modified  to  accommodate  soil  pressure  azui  tube 
interior  vents  throucd^  its  top  cover*  Pressure  is  supplied  by  a  nitro¬ 
gen  tank  eq\iipped  with  a  0-60  psi  regulator  valve*  Pressures  up  to  1*5 
psl  cure  measured  on  a  water  manometer  and  read  to  the  necu^st  0*01 
psi*  Hifdier  pressures  are  measured  with  a  mercury  mcmometer  cmd  read  to 
the  nearest  0*05  psi*  A  schematic  diagram  of  the  set-vp  is  Shown  in 
ngure  L.3* 


L.4.4  Preparation  of  tests 

The  soll-sxirrounded  tubes  were  prepared  in  the  following 
manner:  A  light  coating  of  stopcock  grease  was  placed  on  the  bottom  end 
piece  and  a  tube  with  mandrel  inside  for  support  was  slipped  onto  the 


piece.  An  0-ring  vas  placed  aroimd  the  outside  of  the  tube  to  seal  It 
against  the  end  piece.  A  Small  amount  of  plastic lns«  a  putty- lUce 
naterlal,  vas  placed  around  the  heise  of  the  tube  to  Insxire  complete 
sealing  of  the  tube  interior. 

Next/  the  outside  membrane  vas  slipped  onto  the  bottom  piece 
and  sealed  vlth  tvo  0-rlngs  and  plasticine.  Ilhe  split  mold  vas  then 
placed  around  the  outside  of  the  membrane  and  claniped  sec\irely  to  the 
base.  It  vas  found  that  a  Ug^t  coating  of  talcum  povder  would  prevent 
the  mold  from  sticking  to  the  membrane,  greatly  facilitating  Its  removal 
later  in  the  test.  Ibe  free  end  of  the  membrane  vas  pulled  to  the  top 
of  the  outside  mold  and  folded  over  the  end  to  expose  the  interior  for 
filling  with  sand. 

At  this  point  the  mandrel  vas  vlthdravn  and  the  two  end  pieces 
were  screved  into  place  to  align  the  tube  and  the  exterior  mold  concent 
trlcally.  Once  aligned,  the  end  pieces  vere  removed,  the  mandml  vas 
replaced,  and  the  filling  process  vas  begun. 

Ottawa  Standard  sand,  used  as  the  soil  material  In  all  tests, 
vas  poured  Into  the  membrane  through  a  small  glass  funnel.  When  a  depth 
of  approximately  one  Inch  vas  reached,  filling  vas  stopped  and  the  semd 
vas  tamped  Into  place.  Ohe  tamper  vas  a  long  stiff  wire  with  a  small 
section  of  phenolic  tube  fastened  to  the  base.  Ibis  device  proved  to 
be  very  useful  in  pvishlng  the  sand  firmly  against  the  mold  wherever  the 
membrane  tended  to  wrinkle.  IThe  flU-tamp  process  vas  repeated  until 
the  sand  vas  vlthln  ^  Inch  of  the  t<^  of  the  tube.  Ihe  weight  of  sand 
used  was  carefully  measured  so  that  the  void  ratio  of  the  soil  sur¬ 
rounding  could  be  computed. 

It  vas  found  necessary  to  check  the  concentric  allgimient  after 
each  layer  of  sand  had  been  placed  until  the  mold  vas  about  half  full. 
The  mandrel  vas  vlthdravn  and  the  top  j)leces  vere  used  to  make  the  check. 
Any  adjustments  had  to  be  made  with  the  mandrel  back  In  place  to  prevent 


vrlnkllng  of  the  tube.  Fcdlure  to  obtain  good  alignnent  resulted  not 
only  In  an  uneven  thlclcness  of  sand  around  the  tube>  but  would  srestilt 
in  the  tube  being  wrinkled  when  the  top  pieces  were  put  Into  place 
at  the  end  of  the  filling  process. 

With. the  sand  near  the  top  of  the  tube  the  BMtndrel  was  withdrawn 
and  the  first  end  piece  was  screwed  down  Inside  the  tube.  !lhis  piece 
was  sealed  with  an  0-rlng  and  plasticine.  The  sand  level  was  then 
brought  up  flush  with  the  top  of  the  end  piece  and  the  second  end  piece 
was  screwed  flnaly  Into  place.  The  meinbrane  was  unfolded  fron  the  top 
of  the  mold  and  secured  around  the  second  end  piece  wlih  0-rlngs  and 
plasticine,  nils  coapleted  the  preparation  of  the  soil-structure 
system  for  testing. 

L.U.5  Testing  procedure 

Four  different  types  of  tests  were  run  and  each  type  is 
described  separately  In  the  following  pcuragraphs. 

Control  tests 

Tests  1  through  7  were  on  tubes  with  no  soil  surrounding 
to  detenulne  their  unrestrained  buckling  strength.  The  special  apparatus 
previously  described  was  enployed  to  siq^rt  the  tube,  nie  tube  was 
placed  in  the  pressure  chaoiber,  Its  Interior  vented  to  -Qie  outside  of  the 
cell.  Pressure  was  then  increased  gradually  until  a  buckling  failure 
occiurred.  The  time  to  failure  was  In  the  order  of  magnitude  of  a  half 
to  one  hour  In  all  tests.  Four  of  the  control  tests  were  on  tubes 
ranging  In  age  from  several  days  to  two  months.  Three  tests  were  per- 
foxmed  on  freshly  made  tubes  to  check  for  possible  effects  due  to  the 
drying  of  the  shellac  used  to  glue  the  tubes. 

Restrained  Buckling  Tests 

Tests  8  through  13  were  prepcomd  as  described  In  the  previ¬ 
ous  section  with  the  exceptioh  that  In  some  cases  no  mnbrane  was  used. 
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OSie  saoples  vere  placed  In  the  pressiire  cell  vlth  the  exterior  mold  left 
in  place*  The  interior  of  the  tube  vas  vented  to  the  outside^  and  the 
pressure  in  the  sand  vas  open  to  the  chamber  pressure*  Qhus  the  pressinre 
acted  directly  on  the  tube  vlth  the  sand  and  mold  serving  only  to  restrain 
the  buckling  of  the  tube*  Chamber  pressture  was  Increased  gradually  until 
failure  occurred* 

Soil-Tube  Tests 

Tests  l4  throvigh  26  were  prepared  as  described  in  the  previous 
section.  Ohe  sand  vas  Initially  placed  under  a  vacuum  of  0*5  to  2*0  psl 
(depending  on  the  soil  thickness)  idiich  permitted  the  exterior  mold  to 
be  removed*  Ihe  system  vas  then  placed  In  the  pressure  cell,  the  tube 
Interior  vented  to  the  outside,  and  the  cell  pressxire  Increased  vlth  the 
vacuum  being  correspondingly  decreased*  Once  the  vacuum  vas  reduced  to 
zero,  the  sand  vas  also  vented  to  the  outside,  and  the  cell  pressure  vas 
gradually  Increased  until  failure  of  the  soil-tube  system  occurred* 

Tests  were  run  onsBBi>les  vlth  ixmdnal  soil  thicknesses  of  3/8> 

7/16  Inches* 


Modified  Soll-TUbe  Tests 

Tests  27  through  29  were  started  exactly  as  were  the  regular 
soil- tube  tests.  The  cell  pressure,  however,  instead  of  being  increased 
to  failure  vas  raised  to  a  value  less  than  failure  pressure.  The  pressure 
In  the  cell  vas  then  maintained  at  this  value,  and  the  pressure  in  the 
sand  vas  Increased  from  zero  until  failure  of  the  system  occurred*  These 
tests  were  all  perfozmed  on  samples  vlth  a  soil  thickness  of  7/^6  Inches* 

L.4.6  Additional  Remarks 

The  soil  used  In  all  tests  vas  Ottawa  Standard  Sand. 

Tubes  were  of  aluminum  foil  as  described  In  Section  L.4.2.  The  \insupport-* 
ed  length  of  the  tubes  In  each  test  vas  10*00  Inches*  Radial  loads  only 
were  cazrled  by  the  tubes  and  surrounding  soil*  All  axial  loads  were 
carried  by  the  i  Inch  alualnum  rod  tbrouc^  the  center  of  the  saaple. 
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L«5  Results 

L«5.1  Tabulation  of  results 

Results  of  all  tests  cure  tabulated  in  Tables  L*2,  1>*3  and 

L.5.2  Test  observations 

Although  all  escperlnentc^.  data  are  Included  In  the  tables^ 
It  is  felt  that  certain  observations  made  at  the  time  of  testing  should 
be  Included.  The  following  descriptions  and  photographs  are  Intended  to 
provide  a  background  to  the  general  characteristics  of  the  tests. 

L.6  Dlecusslon  of  results 

L.6.1  Control  tests 

Excellent  consistency  of  buckling  strength  of  tubes  was 
obtained  In  these  tests.  Hie  elastic  modulus  computed  from  the  buckling 
theory  is  3.I  x  10^  psl.  Ihe  value  generally  accepted  for  aluminum  Is 
In  the  region  of  10  x  10  psl.  !Ibe  discrepancy,  however,  is  not  serious 
In  view  of  the  uzmsual  type  of  alumlnm  used,  and  the  unusual  manner  In 
which  It  was  loaded.  As  a  coaoparlson,  stzalns  measured  In  early  tests 
on  heavy  alvmlnum  tubes  give  values  of  approodmately  k  x  10^  psl  for  the 
;  elastic  modulus. 

Examination  of  some  old  tubes  has  Indicated  that  the  shellac  used 
to  glue  the  two  layers  together  does  dry  out.  If  tubes  cure  permitted 
to  sit  for  a  month  or  more  before  use  there  may  be  sosie  changes  in  their 
properties .  No  differences  were  observed  between  freshly  mcde  tubes  and 
tubes  up  to  four  weeks  old.  ISierefore,  care  was  tcUmi  to  use  only  re¬ 
cently  nmde  tubes  In  all  soil-tube  tests. 

The  four  buckling  modes  observed  in  these  tests  coe  in  agreapent 
with  the  number  predicted  by  the  buckling  theory. 
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TABLE  LJi 

EXPERINflCKITAL  INSULTS 
Modified  Soi].  -  Tube  Tests 


Test 

Soil  Ciicknesi 

No. 

(ins.) 

27 

0.U3 

28 

0.U3 

29 

0.43 

Initial  Void  External 


Ratio 

Pressure 

0.57 

5.05 

0.57 

7.00 

0.57 

4.00 

Pore 

Pressure 
in  Sand 

1.59 

0.90 

1.85 


L.6«2  Reatralned  Truckling  teste 

Tixeae  tests  vere  vindesrtaken  to  study  the  effect  of  the  sazid 
around  the  tube  on  its  buckling  stx^ngth*  The  results  are  not  particularly 
meaningful  for  several  reasons.  First,  the  restraint  vas  far  from  perfect 
because  the  sand  had  little  or  no  shear  strength.  Buckling  vas  obvlous> 
ly  ihhlblted,  but  it  vould  be  impossible  to  detezmlne  hov  effective  the 
sand  really  vas.  A  second  consideration  is  the  obvious  dependence  of 
strength  on  the  amount  of  conpactlon  given  the  sand.  The  more  coopactlon 
given  fhe  sand,  the  more  rigid  it  vould  have  been,  vhlch  should  have 
given  higher  Instead  of  lover  buckling  strengths.  The  implication  is 
that  the  sand  Itself  vas  exerting  forces  on  the  tubes  vhlch  vere  contribut¬ 
ing  to  the  failures.  Once  again,  it  vould  be  Is^ssible  to  detezalne  the 
exact  contribution  of  these  forces. 

These  considerations  explain  the  vide  variations  of  btickllng  strengths 
observed  in  these  tests.  Although  the  results  cannot  be  properly  analyzed, 
they  clearly  demonstrate  the  effect  of  a  surroimdlng  soil  medium  on  the 
buckling  properties  of  the  tubes.  Later  tests  have  indicated  that  these 
tests  vere  realizing  less  than  half  the  potential  of  the  sand  to  restrain 
the  buckling. 


L.6.3  Soil-tube  and  mpdified  soil-tube  tests 

Considerable  problems  vere  experienced  in  reproducing  data 
in  these  tests.  In  several  Instances  there  are  possible  reasons  vhy  lov 
strength  values  vere  obtained;  these  are  mentioned  in  the  remarks  section 
of  Table  L.3«  In  many  cases  no  Ismiedlate  explanation  is  available  for 
the  lov  strength  values  observed.  Whatever  the  problem  may  be,  hovever, 
it  is  felt  that  the  highest  values  observed  are  the  measure  of  the  true 
strength  potential  of  each  soil-tube  system.  For  each  thickness  the 
strength  value  used  vas  obtained  in  at  least  tvo  tests,  and  it  is  felt 
that  there  is  ample  justification  for  dlsCOimting  all  lov  values  In  an 
initial  analysis. 

The  results  of  the  modified  soil-tube  tests  are  basic  to  the 


-1*9- 


analyBis  of  the  vork  done.  These  results  have  heen  plotted  In  Flguire  L.l. 
Ibe  abscissa  is  the  net  pressure  cutting  on  the  vhole  system  (l.e.^  external 
pressure  minus  pressvire  In  sand)  and  the  ordinate  Is  the  pressure  In  the 
sand  \ihich  acts  directly  on  the  tube.  Included  on  the  plot  is  a  point 
from  test  number  26  vhlch  corresponds  to  having  zero  pressure  in  the 
Sand. 


As  can  be  seen,  all  tha  points  lie  on  a  straight  line  vhlch,  vhen 
projected^  passes  through  the  value  of  2.5  psl  on  the  ordinate.  This 
point  represents  a  failure  condition  of  the  tube  in  vhlch  all  the  pressure 
acting  on  the  tube  is  pore  pressure  in  the  saxid.  This  point  cannot  be 
reached  experimentally  because  there  must  be  an  effective  stress  in  the 
sand  for  it  to  stand  \Q).  nie  point  may  be  thought  of  cui  the  failure  point 
of  a  tube,  vlth  bvickllng  restrained,  subjected  to  only  a  lateral  air 
pressxure.  Hence  the  value  of  2.5  psl  can  be  considered  the  maximum  re* 
strained  buckling  strength  of  the  tubes. 

L.6.4  Analysis  of  results 

As  a  starting  point  for  the  analysis,  it  vlllobe  assumed 
that  the  failure  of  the  soil-tube  systems  can  be  analyzed  on  the  basis  of 
the  soil  ring  failure  theory  by  inserting  values  of  the  tube  strength  for 
the  internal  pressure  acting  on  the  soil  ring*  If  such  an  analysis  pro¬ 
duces  reasonable  ansvers,  the  implication  will  be  that  the  presence  of  the 
tubes  does  not  modify  the  failure  conditions  of  the  soil  ring* 

chosen 
condl- 

L.3) 


The  soil  failure  theory,  as  discussed  in  Appendix  K  has  been 
as  the  best  of  the  tvo  theories  presented*  It  defines  the  failure 
tion  of  a  soil  ring  as: 


r 


r  =  f-2vV 


idMre: 


y  ^o 

y  -s- 


and 


(Eqn* 


1  -  sto  0 
1  <f  sln  ^ 
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Consider  the  results  of  test  number  26  in  Table  L.3*  Outside  pressure 
is  PBlf  outside  radius  Is  l»2k5  inches,  and  inside  radius  is  0.815 
inches.  AssuSlng  the  internal  pressure  is  2.5  psl,  1$  is  3*76.  Inserting 
these  values  into  the  formula: 


3.76  - 


(Sqn.  Li4) 


and  solving  for  A  : 


A  »  0.232  and  0  »  sin‘^  T"i^  “  3®*^° 

A  friction  angle  of  38.5^  is  hi^  for  Ottaua  Sand,  but  as  aas 
stated  in  section  3*2,  values  ccsqputed  bgr  the  theory  have  been  consis¬ 
tently  hl^j  so  certainly  this  cannot  be  considered  unreasonable. 


Continuing  the  analysis  to  the  3/8  inch  iaII  tests,  it  would  seem 
entirely  reasonable  to  e]q;>ect  -Uie  najriaum  tube  strength  to  be  the  same 
for  these  tests.  NOw  that  a  friction  angle  has  been  established,  it  is 
possible  to  cosvute  what  the  intexml  pressure  on  the  soil  ring  must  have 
been. 


The  friction  angle  must  be  edited  to  account  for  the  difference 
in  void  ratio  of  the  two  tests.  This  is  accosipllslbed  by  referring  to 
Figure  14.10  On  page  3^  of  reference  (1)  -Aleh  pints  friction  angle 
versus  void  ratio  of  Ottawa  Sand.  For  a  friction  angle  of  38.5^  at 
an  e  of  0.57,  the  eorrespondiag  friction  angle  for  an  e  of  0.6l  is  35.5°. 


VLHi  this  value  of  <p  it  Is  now  possible  to  compute  a  value  of 
as  follows: 


A 

If 


1  -  sln  ^ 
1  +  sin  9 


0.266 


(Bqp  1.5) 
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p 

or  If  =  2«86  »  ^ 

^1 

■but  »  6.9  psl>  BO  p^  *  «  2.4i  psi 

This  result  Is  conple'tely  In  line  vlth  the  e:^C'tatlons. 

A  slmllBLr  analysis  can  be  done  for  ■the  3/l^  li^h  vail  aaaples.  In 
■this  case  It  is  difficult  to  anticipate  the  internal  pressure*  It  certainly 
will  not  be  2*3  psi  because  the  external  pressure  is  only  1.27  psi  (test 
number  l6).  Carrying  the  anal;^ls  out,  -the  friction  angle  is  adjusted  to 
and  the  internal  pressure  turns  out  to  be  0.6l  psi  vhlch  can  be 
favorably  coiQ)ared  to  values  obtained  in  the  restrained  buckling  tests. 

Strong  support  of  this  me-thod  of  analysis  is  obtained  by  examination 
of  the  modified  soll>tube  tests.  Ihe  theory  can  be  used  as  in  the  preced¬ 
ing  analyses  to  coiQmte  -the  pressure  vhlch  -the  soil  zoust  have  been  exert¬ 
ing  on  -the  -tube.  This  -valiie  added  to  the  pore  presszire  in  the  soil  should 
be  equal  to  the  maximum  restrained  buckling  strength  of  the  tubes. 

Ihe  friction  angle  emd  ratio  of  radii  are  the  same  for  each  of 
these  tests  as  in  test  number  26.  Therefore,  vlU  be  the  sasie  or 
3.76.  The  external  pressure  in  these  cases  is  the  net  pressure  acting 
on  -the  soil,  and  -the  internal  pressure  is  coniputed  by  dl-vldlng  the  net 
pressure  by  ^  •  The  internal  pressure  is  the  pressure  vhlch  -the  tube 
must  have  exerted  on  the  soil  and  conversely  the  soil  on  -the  tube.  This 
-value  is  added  to  the  pore  pressure  in  the  sand  at  failure  to  find  total 
pressure  acting  on  the  tube  at  failure.  The  results  are  svanarlsed  in 
■the  foUovlng  -table. 
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XABIE  L.5  ANALYSIS  OF  NSSUI/ES  OF  MODIFIED  SOIL-TUBE  TESTS 


Test 

Net 

Internal 

Pore 

Tube 

Mtidmr 

Pressure 

Pressure 

Pressure 

27 

0*92 

1.59 

2.51 

28 

6*10 

1*66 

0.90 

2.56 

29 

2.15 

0.57 

1.85 

2.42 

nie  values  of  the  pressiire  acting  on  the  tube  check  the  asaumed  value 
of  2*3  pal  aljgoat  perfectlor* 

All  of  these  anal^ea  indicate  quite  strongly  that  the  failure 
theory  for  a  soil  ring  aay  he  stiperlivoeed  in  the  soll-tnhe  system 
hy  substituting  a  tube  strength  for  the  interior  pressure  acting  on  the 
soil  ring* 


L.6i5  Discussion  of  tube  strength 

The  foregoing  discussion  indicates  that  almost  a  ten-fold 
Increase  in  ttd>e  strength  vas  obtained  by  "surrounding  it  with  a  relatively 
thin  layer  of  soil.  This  Increase  vas  expected,  but  only  qualitatively; 
there  vas  no  vay  of  anticipating  the  Increase  qiuantitatlvely*  Nov  that 
the  increase  is  knovn  quantitatively,  an  isvortant  considezatlon  is  an 
explanation  of  the  observed  value* 

It  is  clearly  understood  vhy  the  strength  Increases  —  the  sur¬ 
rounding  soil  simply  prevents  buckling  of  the  tube  In  its  usual  manner* 

The  most  logical  vay  to  analyze  this  phenomenon  quantitatively  is  to  ass\iae 
that  the  surrounding  soil  forces  the  tubes  into  hi^d^r  modes  of  buckling* 

That  is  to  say  that  a  ttibe  vlll  fall  at  a  pressxve  vhich  is  capable  of 
forcing  it  to  buckle  in  some  higher  node  vhich,  ovlng  to  its  snaller  deforma¬ 
tions,  the  soil  is  unable  to  restrain*  Ihus  a  tube  vhich  normally  buckles 
with  four  nodes  may  be  forced  by  the  soil  restraint  into  el^t  nodes  vlth 
a  conrespoDdlng  increase  in  strength*  All  eight  nodes  voold  not  be  likely 
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to  appear  because  as  soon  as  one  mode  began  to  foxv^  the  vhole  soil-tube 
system  vOuld  collapse. 

With  this  possibility  in  mind,  buckling  strengths  of  the  e:q)erimen- 
tal  tubes  for  hi^er  modes  of  buckling  have  been  computed.  !Ehese  values 
vere  obtained  by  inserting  various  values  of  n  into  the  buckling  formula 
presented  in  Section  3.1  and  solving  for  The  results  are  as  follows; 

TABLE  L.6  BtJCKLING  STRENGTEIS  OP  BARE  TUBES 


Number  of 
Modes 

Buckling 

Strength  (psi) 

Number  of 
Modes 

Buckling 
Strength  (psi) 

4 

0.26 

9 

1.39 

5 

0.42 

10 

1.71 

6 

0.61 

11 

2.08 

7 

0.83 

12 

2.48 

8 

1.09 

13 

2.91 

As  can  be  seen,  the  buckling  strength  with  12  modes  is  very  close 
to  the  value  assxmied  for  the  restrained  buckling  stre]:)gth  of  the  tubes. 
Ibis,  by  itself,  could  be  a  coincidence,  but  other  data  indicates  that 
it  is  not.  For  example,  in  Section  6.4  the  pressure  acting  on  the  tube  , 
at  fall\rre  in  test  nmber  l6  was  computed  to  be  0.6l  psi,  corresponding 
exactly  to  6  modes  of  buckling. 

Even  better  indications  may  be  foxind  by  examining  those  tests 
which  for  no  apparent  reason  failed  to  attain  strengths  as  high  as  similar 
tests.  A  reasonable  explanation  would  be  that  they  failed  to  reach  as 
high  a  buckling  mode  as  the  stronger  tests.  If  this  is  true>  the 
pressures  acting  on  the  tubes  at  failure  should  correspond  to  a  buck¬ 
ling  strength  of  some  lower  mode.  Calculations  have  been  made  for 
these  tests  and  the  results  exe  tabulated  in  the  followtng  table. 
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IABI£  L.7  ANALYSIS  OF  EXCEPTIONAL  RESULTS  OF  SOIL-TUBE  TESTS 


Test 

Number 

Failure 

Pressure 

if 

Pressure 
on  Tube 

Corresponding 

Modes 

14 

0.95 

2.21 

0.43 

5 

0.42 

17 

5.35 

3.67 

1.46 

9 

1.39 

19 

4.0 

2.76 

1.43 

9 

1.39 

23 

6.9 

3.76 

1.83 

ID 

1.71 

25 

5.2 

3.76 

1.38 

9 

1.39 

All  liut  one  of  the  tests  are  In  good  agreement  vlth  buckling  strengths 
previously  con^ted.  In  addition  to  siqpporting  the  proposition  that  the 
tubes  gain  strength  by  buckling  In  higher  modes,  the  calculations  provide 
a  logical  explanation  of  vhy  low  strength  values  vere  observed  in  seemingly 
noxmal  tests;  the  tubes  in  these  tests  simply  buckled  vlth  fever  modes* 

Obere  appears  to  be  no  vay  to  predict  the  number  of  modes  the  tubes 
may  be  forced  to  assume  before  buckling,  nie  number  apparently  Is  not 
a  function  of  the  effective  stress  in  the  sand,  because  in  the  modified 
soil-tube  tests  the  effective  stress  varied  from  2.1^  to  6.1  pel  and  yet 
the  tubes  all  buckled  at  the  same  pressure.  In  tests  In  vhich  all  measiur- 
able  qpantltles  appear  to  have  been  the  same,  the  tubes  buckle  sometimes 
vlth  9  modes  and  sometimes  vlth  12*  It  Is  not  dlfflcxilt  to  Imagine  that 
imperfections  created  during  the  preparation  of  the  soil-tube  tests  could 
result  :;ln  the  variation  observed.  It  is  felt,  hovever,  that  more  exHierl- 
mental  vork  vould  be  required  to  isolate  and  analyze  those  factors  vhich 
determine  the  failure  conflgurmtlon  of  the  tubes. 

L«6«6  Strain  considerations 

Throughout  the  foregoing  discussion  It  has  been  lapUcitly 
assumed  that  the  strain  conditions  In  the  soil  ring  and  In  the  tubes  vere 
compatible*  Hovever>  rou^  volume  change  measurements  made  during  the 


failure  of  hollow  soil  cylinders  indicate  that  this  is  not  true.  In 
fact,  it  has  been  calculated  that  the  strain  in  the  soil  ring  must  he 
some  1000  times  as  great  as  the  strain  in  a  tube  with  2.5  psl  pressure 
acting  on  it.  Even  allowing  for  the  fact  that  the  measxirements  of  volume 
change  were  very  rough,  these  values  represent  a  large  discrepancy  in  the 
sxqperposition  of  ring  failtire  theory  into  the  soil-tube  system. 

In  attempting  to  explain  the  discrepancy,  there  are  only  two  basic 
conditions  x>osslble.  The  first  of  these  is  that  the  shape  of  the  tube 
vas  being  modified  to  conform  to  the  strains  in  the  soil  while  the  tube 
somehow  managed  to  retain  its  ability  to  s\Q)port  a  load.  Ibis  possibility 
is  imllkely  for  several  reasons.  It  is  hard  to  imagine  the  thin  tubes 
xmdergolng  any  drastic  strains  and  still  being  able  to  support  any  sort 
of  load.  In  addition,  the  consistency  of  the  tube  strengths  compared  to 
theoretical  buckling  strengths  must  be  considered.  If  the  shape  of  the 
tube  were  modified  so  much  by  the  strain  occurring  in  the  soil,  certainly 
there  would  not  be  any  coniparlson  of  tube  strength  and  theoretical  buck^ 
ling  strength. 

It  might  be  possible  to  develop  a  local  buckle  in  the  tube  to 
acconmodate  the  large  strains  with  the  soil  pressure  on  the  tribe  being 
carried  by  an  arch  of  soil  across  the  crease.  If  this  were  true,  however, 
in  the  modified  soil-tube  tests  the  pore  pressure  introduced  into  the 
sand  would  act  directly  on  the  crease  and  would  result  in  Inwdiate  failure 
of  the  tube. 

A  final  factor  is  the  amount  of  air  observed  escaping  through  the 
tube  interior  vent.  No  quantitative  measurements  have  been  made,  but  it 
can  be  stated  that  the  amount  observed  escaping  during  soil-surrounded 
tests  was  the  same  order  of  magnitude  as  the  amount  observed  during  tests 
on  tubes  with  no  soil  surrounding.  Ibus  it  appears  that  ttdie  volume 
changes  were  about  the  same  in  both  types  of  tests. 

In  view  of  these  considerations  it  appears  highly  unlikely  that  the 
tube  conformed  to  soil  strains  as  large  as  those  observed  in  hollow  soil 
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cylinder  tests 


The  second  basic  condition  is  that  the  tube  underwent  only  those 
strains  it  would  nonnally  experience  in  elastic  deformation  tmderra  load 
of^  say^  2.5  psi.  These  deformations  are  so  small  compared  to  the  strains 
necessary  to  mobilize  the  full  friction  angle  of  the  sand  that  the  condition 
is  essentially  one  of  no  volume  change  on  the  Inside  of  the  soil  ring. 
Although  it  is  not  readily  apparent  exactly  hov  the  friction  in  the  sand 
would  be  mobilized,  this  seems  to  be  by  far  the  more  likely  condition  to 
exist  in  the  soil-tube  system. 

It  is  entirely  possible  that  the  volume  changes  observed  in  the 
hollow  soil  cylinder  tests  were  a  function  of  the  testing  technique. 

For  exaiqple,  interior  volume  changes  were  measured  by  bringing  the  Interior 
pressure  to  scnne  value  and  keeping  it  constant  while  the  exterior  pressure 
was  increased  to  failure.  This  is  not  at  all  analogous  to  a  soil  ring 
with  a  tube  Inside  because  the  tube.  Instead  of  exerting  a  constant  pressure 
on  the  sand,  exerts  an  increasing  pressxure  as  the  sand  tries  to  strain 
inward.  Therefore,  it  is  Incorrect  to  assume  that  the  tubes  must  have 
experienced  the  same  vol\mie  changes  as  the  interiors  of  the  hollow  soil 
cylinders  because  the  two  situations  are  not  at  all  similar. 

The  weight  of  all  experimental  evidence  on  soil-tube  systems 
indicates  that  the  tubes  are  subjected  only  to  elastic  strains  to 
their  buckling  point.  The  ambiguity  which  exists  between  tube  auad  soil 
stzmlns  may  well  be  the  result  of  Imposing  cm  l^proper  set  of  conditions 
on  the  soil-tube  tests. 

L.7  Conclusions  and  reccMnendations 

Two  very  definite  conclusions  can  bo  drawn  from  the  results  of  the 
tests.  The  first  is  that  Increases  in  tube  strength  with  soil  surroundings 
are  a  direct  result  of  the  tubes  being  forced  into  higher  modes  of  buckling. 
Although  no  ymy  of  predicting  the  nusiber  of  modes  is  reSi^ly  apperent,  this 


fact  in  itself  suggests  that  tube  atrangth  could  he  predicted  on  a  rational 
and  relativeily  simple  basis* 

Ohe  second  conclusion  is  that  the  failure  of  the  soll-tuhe  system 
can  he  analyzed  as  if  it  vere  a  hoUov  soil  cylinder  through  the  slqple 
expediency  of  substituting  the  tube  strength  for  the  pressxrre  acting  on 
the  inside  of  the  soil  ring.  This  conclusion  has  been  made  in  the  face  of 
some  ambiguity  arising  from  the  consideration  of  strains  developed  in  the 
soil  and  in  the  tubes*  It  is  felt,  hovever,  that  enough  e^^rimental 
evidence  exists  to  allow  this  conclusion  to  be  made,  especially  since  the 
ambiguity  may  be  the  result  of  the  imposition  of  an  improper  set  of  condi¬ 
tions  * 


It  would  be  highly  desirable  to  support  both  conclusions  with  more 
experimental  work*  All  of  this  work  could  be  of  the  same  relatively  simple 
type  previously  done.  For  exarple,  the  first  conclxision  could  be  checked 
by  running  similar  tests  on  tubes  of  other  lengths.  Each  tube  length 
has  a  xmlg^e  set  of  buckling  strengths,  and  it  would  be  a  siqple  matter 
to  check  to  see  if  these  strengths  were  . being  realized  in  tests  on  longer 
and  shorter  tubes. 

Ihe  second  conclusion  could  best  be  checked  by  tests  using  other  soil 
materials  and  other  soil  thicknesses*  In  short,  the  conclusion  can  be  made 
a  certainty  only  by  an  ovendielmlng  weight  of  experimental  evidence.  In 
the  realm  of  soil- tube  tests,  not  much  can  be  done  to  clear  up  the  strain 
question*  Althou^^  not  strictly  wlthlA  the  scope  of  this  '*epQrt,  it  is 
suggested  that  a  slaple  test  on  hollow  soil  cylinders  could  clarify  the 
question* 

In  this  test  the  interior  of  the  cylinder  would  be  kept  at  constant 
volimie  by  adjusting  the  interior  pressure  while  the  exterior  pressure  was 
brought  up  to  failure*  Ihis  could  easily  be  accomplished  by  connecting 
the  interior  of  the  cylinder  to  a  constant-volvne  pore  presswe  measuring 
di^ce  used  in  trlaxlal  testing*  If  the  magnitude  of  the  pressure  increases 
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(Dhlch  Is  necessary  to  prevent  volume  changes  of  the  Interior)  turned 
out  to  be  comparable  to  pressures  vhlch  the  tubes  could  exert,  then  it 
vould  foUov  that  the  tubes  actually  did  prevent  large  strains  on  the 
Interior  of  the  soil  ring.  On  the  other  hand,  If  the  necessary  pressuzv 
Increases  greatly  exceeded  those  idilch  a  tube  could  exert,  a  very  define 
ite  discrepancy  vould  be  Indicated* 

It  Is  felt  that  the  settlement  of  this  question  should  be  the 
next  Immediate  step  in  the  continuation  of  soil-structure  studies*' 


3.0 


(External  Pressure  minus  Pressure  in  Sand) 


Figure  L.l  RESULTS— MOMPIED  SOIL  -  TUBE  TESTS 
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Connection  for  Connection  for 


FIGURE  L.2  SPECIAL  APPARATUS 

DRAWN  FULL  SIZE 


FIGURE  L.3  SCHEMATIC  OF  TEST  SET  UP 


L.  ^  ApparatvLS 

Pictured  from  left  to  right  are: 
new  tube 
tube  mandrel 

base  piece  with  axial  rod 
twD  top  pieces 
split  mold  and  tamping  rod 
Pressure  cell  is  just  to  the  rear. 


Figure  L,3  Tube  Buckled  without  Soli 
I.  Control  Tests 

All  tubes  in  these  tests  buckled  with  four  modes  In  perfect 
synmetry.  In  some  cases  where  the  pressure  was  relieved  quickly 
only  two  of  the  four  modes  actually  appeared  and  the  two  "sides" 
developed  by  buckling  were  always  adjacent.  No  difference  in 
buckling  strength  was  observed  between  freshly  inade  and  old  tubes. 
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Figure  L.6  Tubes  Failed  in  Restrained  Buckling  Tests 

II,  Restrained  Buckling  Tests 

Tubes  In  these  tests  tended  to  fall  In  a  manner  similar  to 
those  failed  without  restraint.  In  those  cases  where  the  sand  was 
tightly  ccmipacted  around  the  tube,  the  outer  surface  of  the  tuibe 
was  pocked  by  the  sand  grains. 
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Fleur*  L.T  Soil  Surrounded  Tube  Before  Testing 
Support  is  pivvided  by  vacuum  in  sand. 
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Figure  L.8  Failure  of  3/ll$"  Test 


III.  Soil-Tube  Tests 

Failures  in  these  tests  are  characterized  by  sudden  and 
rapid  coUapse  of  the  soil-tube  system.  Bie  failxire  is  sli^tly 
less  dramatic  in  the  3/16  inch  vail  san5>les  than  in  the  thicker 
veCLls  as  Is  i3J.\istrated  by  Figures  L.8  and  L.9*  Failures  in 
all  tests  vere,  in  general,  similar  to  those  pictured. 


Fl«ux«  L.9  Failure  of  3/8"  Test  -  Soil  Surrounded  Tulies 

The  outer  surf  ewe  of  tubes  in  the  3/16  inch  wall  tests  was 
generally  pock  marked  by  the  sand  grains.  In  the  thicker  walls 
only  occasional  marks  were  observed.  In  ell  cases  the  Inside 
vails  were  ccmpletely  unmarked. 
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W«UPe  L.IO  Tube  After  Failure  —  7/1j6"  Test 

Collapse  of  the  soil  system  resulted  in  complete  destruction 
of  the  tube  (see  above),  maLking  it  impossible  to  analyze  ■where 
or  hov  tube  failure  first  occizrred. 
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Appendix  M 

SOME  EXPERIEI1CES  Vm  SUS-FSICTIOII 


M.l  Introdtictlon 


Considerable  research  has  been  done  at  M.I.T.  In  the  past  concerning 
the  magnitude  of  side  friction  during  consolidation  tests,  and  upon  means 
for  reducing  this  side  friction.  Since  this  Infoxmation  bears  upon  the 
problem  of  boundary  effects  in  soil  bins,  and  because  the  M.I.T.  Investi¬ 
gations  aire  reported  in  theses  vhlch  are  not  generally  available,  the 
results  of  these  eiq^rlments  are  briefly  summarized  here.  All  of  the 
quoted  results  were  obtained  using  Boston  clay. 

M.2  Side  friction  in  standard  couBolidation  tests 

HILTNER  (1937)  designed  a  special  consolldometer  in  vhich  a  direct 
measurement  of  the  side  friction  force  could  be  made.  Ihis  vas  achieved 
by  supporting  the  sample  bazrel  independently  from  the  sample  base,  through 
a  proving  ring,  vhich  measured  the  frictional  force  transmitted  to  the 
sample  barrel.  Hlltner  obtained  data  vlth  this  device,  and  the  device 
vas  subsequently  used  by  BURROW  (19^)  for  additional  studies.  Ihe  de¬ 
vice  vas  fabricated  from  brass  and  the  soil  sample  pressed  directly 
against  the  sides  of  the  consolldometer  barrel.  !lhe  consolldometer  had 
an  inside  diameter  of  4.23  inches,  and  the  standard  saaple  height  vas 
1.23  Inches. 

In  a  series  of  tests  upon  Boston  clay.  Burrow'  foimd  that  the  side 
friction  forced  averaged  approximately  20f>  of  the  vertical  load  Increment. 
Figure  M.1  shows  the  manner  in  which  this  side  friction  force  Increased 
as  a  function  of  time.  One  should  keep  in  mind  that  the  sample  vmder- 
vent  consolidation  subsequent  to  application  of  load  increment.  During 
this  period  of  consolidation  ,  the  effective  stresses  within  the  sample 

«  A  description  wad  a  sketch  are  also  given  in  M.I.T.  (1942)  . 
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Increased  as  the  excess  pore  pressiures  dissipated*  Since  the  nagnitude 
of  the  side  friction  should  he  related  to  the  magnitude  of  the  lateral 
effMtive  stresses^  the  side  friction  force  should  increase  throucdiout 
the  consolidation  interval*  Ihe  theoretical  tine  for  consolidation 
in  a  Boston  clay  sample  of  this  thickness^  vith  doubla  drainage,  is 
approximately  20  to  4o  minutes* 

M*3  Side  friction  vith  various  surface  treatments 

BE  WET  (1953)  used  this  sane  special  consolidoneter  to  stiidy  the 
magnitude  of  side  friction  develc^d  uhen  various  surface  treatments  sere 
used  adjacent  to  the  inside  surface  of  the  consolidoneter  barrel* 

In  the  first  series  of  tests,  the  soil  sample  vas  separated  ffon 
the  consolidoneter  barrel  by  a  thin  rubber  menbraxie,  and  graphite  vas 
placed  between  the  rubber  membrane  and  the  barrel*  A  typical  side  fric* 
tlon  versus  time  curve  appears  in  Figure  M*2*  It  nay  be  seen  that  the 
sldenfrlctlon  built  up  to  its  peak  value  in  oxxly  five  minutes,  after 
ehlch  it  increased  only  sll^tly  until  the  end  of  primary  compression* 
There  was  only  a  slight  additional  increase  in  side  friction  during  a 
subsequent  five  day  period  of  secondary  compression*  In  general,  the 
average  narlnum  side  friction  vas  12^  of  the  load  increment.  Ihus,  the 
graphite -lubricated  rubber  membrane  served  to  reduce  the  side  friction  to 
approximately  60^  of  that  observed  in  the  "standard"  test*  The  membrane 
also  caxised  a  significant  change  in  the  time  build-up  of  the  side  fric¬ 
tion  force,  since  now  the  side  friction  vas  related  to  the  total  stresses 
within  the  soil  sample  xather  than  to  the  effective  stresses* 

In  the  second  series  of  tests,  the  soil  sample  vas  again  surrounded 
by  a  thin  rubber  maidirane  coated  vith  graphite,  but  now  the  inside  of 
the  brass  consolldoamter  bazrel  vas  lined  vith  Teflon*  A  typical  friction 
versus  time  curve  appears  in  Figure  M*3*  In  these  tests,  the  side  fric¬ 
tion  built  UP  to  a  valne  within  the  first  few  minutes,  and  tiien. 
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as  the  primary  conrpresslon  continued,  decreased  to  2/3  or  less  of  its 
peak  value.  For  a  2  ton/ft  load  Increment,  the  maximum  side  firlctlon 
amounted  to  approximately  12^  of  Ihe^load  Increment  (this  is  the  case 
shovn  In  Figure  M.3)>  vhereas  vlth  a  U  ton/ft^  load  increment,  the 
peak  side  friction  vas  only  6^  of  the  load  Increment. 

The  final  situation  investigated  by  De  Vet  involved  soil  hearing 
directly  against  the  Teflon-lined  consolldometer  barrel.  Once  again  the 
magnitude  of  the  side  friction  should  be  related  to  the  effective;  stresses 
vlthln  the  soil  sample,  and,  as  may  be  seen  in  Figure  M.4,  the  side  fric¬ 
tion  built  up  much  more  slowly  than  it  did  with  the  rubber  membrane.  With 
this  surface  treatment,  the  maximum  side  friction  was  approximately  10^ 
for  a  2  ton/ft  load  Incremexit  and  only  3  percent  for  a  4  ton/ft  load 
increment. 

ALTRICH  (I93I-)  also  made  certain  studies  concerning  the  effects 
of  using  a  graphite-lubricated  rubber  neabrane.  Aldrich  vas  measiurlng 
pore  pressxire  at  the  mid-plane  of  a  double  draining  consolidation  speci¬ 
men,  and  the  rubber  membrane  was  necessary  for  his  pore  pressure  measur¬ 
ing  technique.  Aldrich  did  not  measure  the  side  friction  directly,  but 
rather  compared  the  shapes  of  compression  versus  time  ciuves  obtained 
with  and  without  the  rubber  ^enibrane.  His  principal  findiig  was  that  the 
e^qserlmental  conrpresslon  verstis  time  curves  agreed  with  the  theoretical 
cxirves  much  better  for  the  tests  in  which  a  rubber  membrane  was  iised  than 
for  the  tests  not  using  the  membrane.  Such  a  result  is  to  be  expected, 
since  the  side  friction  force  tends  to  be  constant  when  a  membrane  is 
used  but  is  a  variable  force  if  the  soil  bears  directly  against  the 
consolldometer  barrel. 

M.4  Conclusions 


Obese  results  show,  first  of  all,  that  the  side  friction,  developed 
where  soil  is  in  contact  with  an  ordinary  metal  surface,  is  very  large  indeed. 
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results  further  shov  that  the  xoagnltude  of  the  side  friction  can  he 
materially  reduced,  especially  by  vise  of  a  Teflon  coating  over  the  inside 
of  the  consolldometeri  As  a  result  of  these  findings,  Teflon*^ Coated 
consolldoneters  have  been  used  extensively  in  the  M.I.T.  laboratory*  How¬ 
ever,  even  with  the  Teflon  coating,  the  friction  force  in  a  ring  with 
a  dlameter/helght  ratio  of  3*^  to  1  has  amounted  to  as  much  as  10^  of 
the  vertical  load  Increment.  Such  a  friction  force  would  become  prohiblt- 
edly  large  as  the  diameter  to  length  ratio  is  decreased* 

De  Wet  suggested  that  still  further  reduction  of  side  friction 
might  be  achieved  by  rubbing  the  membrane  with  a  Teflon  powder  in  addition 
to  using  the  Teflon-coated  barrel*  Sheet  Teflon  has  become  available 
since  these  tests  were  conducted,  and  its  use,  together  with  a  Teflon 
coating  over  the  metal  barrel,  would  presvnnably  acconpllsh  the  same 
objective. 

Finally,  it  should  be  noted  that  relatively  large  axial  strains 
developed  in  these  tests  upon  Boston  clay*  Thvis,  there  was  ample 
opportunity  for  full  mobilization  of  any  potential  friction  forces. 


FRICTION  {%)  FRICTION  (%)  FRICTION  (%)  FRICTION 


Mam. 

Friction 


FIGURE  M-2 


FIGURE  IVI-3 


FIGURE  IVl-4 
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Appendix  N 

FRICTION  ANGUS  OF  3AHIS  AT  LON  GONFINIR}  PRESSURES 


N.1  Introduction 

appendix  describes  the  vork  perfoxsed  to  Investigate  the 
effect  of  very  lov  confining  pressure  on  the  angle  of  Internal  friction 
of  a  coheslonless  material. 

N.2  Backgroimd 

^e  friction  angle  of  a  ccheslonless  soil  is  known  to  vary  with  the 
nonnal  pressure  applied  to  It.  In  the  extreme  case  of  a  single  sand 
grain  resting  on  other  sand  grains  cemented  to^a  flat  surface,  the  siurface 
would  have  to  be  tilted  to  an  angle  much  larger  than  the  friction  angle 
of  the  sand  In  order  to  make  the  single  grain  rollout  of  the  pocket  into 
which  It  had  fallen. 

TAILOR  (1938)  observed  an  increase  from  29  at  a  pressure  of  8 
tons/ft^.to  34  at  i  ton/ft^  in  Ottawa  Stamdard  Sand.  Studies  of 
model  footings  In  sand  have:  indicated  that  this  effect  nay  be  much  more 
pronounced  at  extremely  lov  confining  pressures i  (see  Appendix  B). 

An  article  appearing  In  Engineering  on  30  May  1930,  published  results  of 
tests  perfoxmsd  on  Ottawa  Standard  Sand  at  normal  pressures  as  low  as 
2  pal.  Friction  angles  as  high  as  90^  were  reported,  and  the  xmsults 
were  extrapolated  to  6l°  for  a  pressure  of  ^  psl.  Ohese  tests  were  run 
In  a  device  similar  to  a  direct  shear  machine,  but  the  shear  boxes  moved 
over  each  other  on  rollers  and  it  Is  qiolte  possible  that  frictional  ef¬ 
fects  In  the  apparatus  contributed  to  the  bl^  values  obtained  for  the 

j 

friction  angles. 

The  foUcnrlng  tests  were  undertaken  to  obtain  more  Information 
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concerning  the  exact  magnitude  of  this  effect* 

N«3  Proced\rre 

N.3»l  Testing  equipment 

Direct  shear  tests  vsre  selected  as  a  siag>le  method  of 
Obtaining  the  friction  angles  of  a  sand  at  various  noznali pressures* 
niese  tests  are  usually  run  in  a  shear  box  vhich  has  dimensions  of  3** 

X  3''*  The  low  confining  pressxires  planned  for  testing  made  a  box  of  these 
dimensions  impractical  because  of  the  extreaiely  low  noxnal  loads  involved* 
For  this  reason  a  box  of  12”  x  12”  dimensions  vas  employed.  Using  this 
box,  the  lovest  practical  load  is  about  3^  pounds  of  psi,  and  the  capac¬ 
ity  of  the  apparatus  limits  the  highest  load  to  1500  lbs  or  approxjhnately 
10  psi*  A  limited  niniber  of  tests  vers  run  in  the  3'*  x  3”  box  as  a  check 
on  the  results  obtained  in  the  laxge  box*  All  tests  vere  run  on  the  MIT 
direct  shear  machine^  the  procedure  being  aa  outlined  in  Soil  Testing  for 
Engineers  by  T«V.  Laabe* 

N.3*2  Samples 

Two  types  of  sands  vere  tested*  Ihe  fint  vas  a  graded 
Ottava  Sanfl.  IMs  is  distinguished  frcn  Ottava  "Standard"  sand  in 

that  it  is  not  a  unifom  material,  but  consists  of  both  mediimi  and  fine 
sand  grain  sizes*  An  initial  void  ratio  of  approximately  0*53  (a  medim 
dense  condition)  vas  found  to  be  most  easily  reproduced;  hovever,  this 
value  vaxled  betveen  0*53  and  0*5?  for  the  tests.  At  least  three,  and 
in  some  cases,  five  tests  vere  run  at  noznal  pressures  of  1,-  ^/ 

5,  and  10  pel. 

Ibe  second  material  vas  a  Unifozm  coarse  angiilar  sand  obtained  from 
a  gravelly  beach  sand  by  removing  all  but  the  coarsest  sand  sized  grains* 
The  initial  void  ratio  of  this  material  vas  set  at  0*78,  a  medlua  dense 

*  Ibis  box  vas  used  by  Taylor  to  study  the  size  effects  of  shear  boxes* 

He  reported  a  reduction  in  fjpictlon  angle  of  l|^  fOr  Qttava  Standard 
Sand  tested  in  the  ^  inch  box* 
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condition.  Control  of  the  Initial  void  ratio  vas  greatly  linproved  and 
this  value  vas  the  saate  for  all  tests.  Tests  vere  nin  at  the  saae  normal 
press\ires  as  used  on  the  Ottawa  Sand  vith  the  exception  of  a  set  run  at 
2.2  instead  of  2.^  psl. 

In  addition  to  the  tests  in  the  12  inch  hox,  both  sands  vere  tested 
in  the  3  inch  box  at  a  normal  pressure  of  10  psl.  Initial  void  ratios 
vere  the  same  as  vised  for  each  material  in  the  large  box.  As  a  check 
on  the  apparatus  tvo  tests  vere  performed  using  the  small  box  on  uniform 
Ottava  sand  (20-30  mesh)  for  ccmparlson  to  accepted  experimental  valuas^ 

N.U  Results 

N.4,1  Friction  angle  versvis  normal  pressure 

Angles  of  internal  friction  versus  normal  pressures  have 
been  plotted  in  Figure  N«1  for  both  the  Ottava  and  coarse  cand.  Only 
a  negligible  increase  in  friction  angle  vas  observed  at  the  lovest  press- 
vires  on  the  Ottava  Sand.  A  definite  Increase  in  friction  angle  of  about 
y  vas  observed  in  the  coarse  material  in  the  range  from  10  psl  to  psl. 

Tests  performed  on  the  tvo  materials  using  the  3  inch  shear  box 
produced  the  same  resvilts  at  10  psi  as  the  tests  performed  in  the  12  inch 
box.  Obe  tvo  tests  on  Ottava  Standard  sand  vere  in  good  agremment  vith 
the  values  obtained  by  Taylor  for  the  same  material. 

N.4.2  Volume  change  versus  normal  pressure 

Ibe  average  volvmw  changes  at  peak  stress  for  various  normal 
pressures  are  tabulated  in  Table  N.l.  The  Ottava  Sand  shoved  approximately 
the  same  volume  Increase  at  all  nomal  pressures,  vhereas  the  coaxme  sand 
had  a  volimie  decrease  at  the  higher  pressures^  and  a  volwe  Increase  at 
the  lower  pressvres. 


Normol 

Pressure 

(Psi) 

Volume  Chonge  (%) 

Ottowo  S. 

Coorse  S. 

0.25 

.51 

.81 

mm 

.56 

.66 

1.0 

.51 

.20 

2.5 

.51 

-.24 

a 

,46 

-.76 

10.0 

.55 

-.89 

%  VOLUME  CHANGE  AT  PEAK  SHEAR  STRESS 

TABL  E  N  I 
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N«5  PlscuflBlon 


N,5,i  Effect  of  vmrl>tlon  of  Initial  void  imtlo  on  friction  Mgle  - 
OttaiM  Sand 


The  results  of  the  tests  on  Ottava  Sand  shov  considerable  varia¬ 
tion  In  friction  angle  for  tests  run  at  the  saae  nonsal  pressures.  OJrLs 
error  Is  the  result  of  falling  to  obtain  the  same  Initial  void  ratio  for 
each  test.  Measurements  Indicate  a  possible  variation  of  0*53  to  0.55 
for  the  Initial  void  ratio  value,  or  an  error  of  about  Based  on 
results  of  tests  perfomed  on  Ottava  Standard  sand,  a  variation  of  ^ 

In  void  ratio  In  the  dense  condition  will  change  the  friction  angle  by 
1^°.  The  largest  variation  observed  In  the  tests  vas  1^*^  at  1  psl. 

Even  considering  the  extreme  values  observed  at  each  noxinal  pressure, 
only  a  small  variation  In  friction  angle  Is  present  between  10  and  ^  pel. 

N.5.2  Friction  angle  versus  normal  pressure  -  Coaree  Sand 

The  tests  on  the  coarse  sand  were  undertaken  vlth  the  ex¬ 
pectation  that  the  variation  of  friction  angle  vould  be  more  pronounced 
for  that  type  of  material*  The  results  shov  no  variation  of  friction 
angles  at  the  same  normal  presstums  as  vas  experienced  with  the  Ottava 
Sand.  (Oils  consistency  may  be  attributed  to  either  better  control  of 
the  Initial  void  ratio  or  the  fact  that  the  Initial  void  ratios  had  less 
effect  on  the  friction  angles  because  sand  in  a  less  dense  cmidltlon  vas 
Used. 


A  definite  Increase  In  the  friction  angle  vas  observed  as  the 
normal  pressure  decreased.  Obe  27^°  observed  at  10  psl  Increased,  vlth 
each  successive  decrease  in  normal  pressure,  to  a  maximum  of  about  30  2/3° 
at  ^  psl.  Although  these  results  clearly  Indicate  a  trend,  the  variation 
of  3°  In  this  region  Is  relatively  small,  the  actual  Increase  In  co¬ 
efficient  of  friction  (or  tangent  of  the  friction  angle)  being  only.frm 
0.51  to  0*^. 
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N.5»3  Vetlldlty  of  experimental  results 

BxanlQatlon  of  the  results  of  the  tests  on  the  two  sands 
seemed  to  Indloate  that  the  values  of  friction  angles  obtained  vere  top 
low*  A  careful  check  of  calibrations  and  measured  values  failed  to  reveal 
any  source  of  systematic  error,  so  it  was  decided  that  the  large  shear 
box  could  possibly  have  contributed  to  the  lov  values.  Gbe  tests  perfoxned 
in  the  smaller  box  eliminated  this  possibility.  As  a  final  check  for 
possible  errors  tuo  tests  were  run  on  Ottawa  Standard  sand.  Ibe  measxired 
friction  angles  were  consistent  with  accepted  values.  All  checks,  then, 
point  to  the  validity  of  the  results  obtained. 

N.5.^  Relationship  of  change  in  friction  atngle  to  volfe  change 

Table  N.l  showing  volume  chax^es  during  sheens  has  been  pre¬ 
pared  to  demonstrate  the  relationship  of  change  in  friction  angle  to 
volume  change.  (An  increase  in  friction  angle  nay  be  predicted  for  an 
Increase  in  volume  change  since  the  work  done  -While  producing  the  toIobs 
Increase  must  be  provided  by  an  Inczwase  in  shearing  force) .  The  exper- 
Ijoantal  results  Indicate  that  such  is  the  case. 

Volume  Increases  during  shear  are  caused  by  the  physical  inter¬ 
ference  of  the  Indi-vldual  sand  grains  with  the  result  that  particle 
dispiacesients  can  be  acccii^llshed  on2y  by  forcing  the  grains  to  climb  over 
each  other.  The  amount  of  -volume  change  (and  hence  the  additional  amount 
of  shearing  force)  resxilting  from  -Oils  Interference  appears  to  be  related 
to  the  type  of  material,  and  to  -the  noxmal  pressure  Involved. 

The  Ottawa  Sand,  which  is  fairly  well  graded  and  is  composed  entire¬ 
ly  of  rounded  particles  of  quartz,  eidilbited  essentially  the  same  -volume 
change  during  all  tests.  The  poorly  graded  coarse  material  is  coaposed 
of  angular  particles  of  quartz  and  feldspar  and  had  entirely  different 
volaw  changes  at  different  noxmal  pressures.  At  conventional  testing 
pressures  (10  psi)  the  coarse  sand  beha-ved  like  a  loose  material,  but 
at  ^  pisi  its  -volune  ,  change  during  shear  was  similar  to  -^t  of  a  dense 


naterlal 


N*5»5  Role  of  shear  dl8plac«nent  In  the  friction  angle  - 
volvane  change  relationship 

It  might  he  postulated  that  for  a  given  material  and  a  given 
normal  pressure,  there  exists  a  vmigue  density  on  the  failure  surface  at 
lAiich  shear  strains  can  occur*  A  portion  of  the  shear  strength  of  a 
material  Is  represented  hy  the  vork  done  to  bring  the  particles  In  the 
failure  zone  to  this  density. 

Continuing  this  hypothesis,  the  change  of  this  density  at  different 
nozmal  pressures  may  be  explained  by  the  existence  of  tvo  separate  mechan¬ 
isms  of  pcurtlcle  dlsplacenents  relative  to  each  other.  O^be  first,  occtirr- 
Ing  at  high  normal  pressiires,  consists  of  a  sliding  of  the  paurtlcles  over 
each  other,  vlth  little  or  no  change  in  orientation.  As  the  noxmal  pressure 
Is  decreeused,  there  develops  a  tendency  for  the  particles  to  rotate  as 
they  are  displaced.  Unless  the  particles  are  perfectly  round,  any  rota¬ 
tion  results  In  Increased  volume  changes.  QSie  actual  mechanism  of  sheeo* 
displacement  Is  undoubtedly  a  combination  of  both  sliding  and  rotating 
movements*  Ihe  degree  to  \dilch  one  or  the  other  predominates,  and  the 
corresponding  volume  change,  vould  then  be  a  function  of  noxmal  pressure. 

Gradation  of  a  material  Is  another  important  consideration*  A  vell*^ 
graded  material  can  undergo  particle  dlsplacenents  vlth  relatively  small 
variations  in  density  be  a  rearrangement  of  the  small  particles  occupying 
the  voids  betveen  the  larger  ones.  A  imlfoxn  material,  hovever,  lacks 
this  flexibility  of  structure,  and  pcurtlcle  movements  are  likely  to  produce 

*  This  hypothesis  vas  suggested  by  A.R.  FhlUppe.  Another  explanation  Is 
that  grains  pass  "over  the  mountain  tops"  at  lov  confining  pressxiresradd 
"through  the  passes"  at  high  confining  pressures*  In  any  event,  the 
saiq>le  develops  shear  strains  by  the  easiest  coturse  open  to  it,  and  If 
expaimlon  makes  shearing  easier,  the  saagple  vlU  tend  to  expand.  See 
IAYLOR  (19^)  for  the  standard  exp^iuiatlon  of  the  effects  of  volnse 
expansion  on  friction  angle* 


a  Bore  drastic  change  in  the  density  of  the  naterlal. 


Considering  the  experlawntal  nsults^  the  bTpotbesls  seess  reasonable* 
The  Ottawa  Sand,  Khlch  approaches  being  perfectly  round  and  Is  veil-graded, 
shoved  little  variation  In  voluae  change  and  correspondingly  little  differ¬ 
ence  In  friction  angle*  Ihe  poorly  graded  coarse  material  eidilblted  In¬ 
creasing  voltsBe  changes  vlth  decreasing  npzmal  presswes  along  With  Increas¬ 
ing  angles  of  Internal  friction* 

H*6  Conclusions 

Increases  In  friction  angles  upon  decreasing  normal  pressures  are 
associated  vlth  the  additional  volume  changes  vhlch  the  material  undergoes 
dxirlng  shear*  Ihe  magnitude  of  these  changes  Is  dependent  on  the  proper¬ 
ties  of  the  material  and  on  the  noimal  pressure  during  the  test*  On  the 
basis  of  tests  on  only  tvo  materials.  It  Is  not  possible  to  accurately 
predict  variation  In  friction  angles  for  any  material,  but  it  Is  possible 
to  define 7the  extremes*  Little  or  no  variation  can  be  expected  in  veil- 
graded,  round  materials,  and  maxi  wan  variation  of  friction  angle  can  be 
expected  In  unlfoxm  angular  materials* 

The  Increase,  hovever,  i  f  evidently  not  spectacular  at  very  lov 
pressures .  The  best  Indication  Is  that  the  friction  angle  is  a 
linear  function  of  the  log  of  normal  pressxue,  l*e*,  the  Ixicrease  In 
friction  angle  from  10  to  1  pel  Is  the  same  as  the  Increase  from  1  to 
0*1  pal*  For  the  tvo  materials  tested.  Increases  vbre  about  1^°  per 
cycle  for  the  coarse  material,  and  l/3°  per  cycle  for  the  Ottava  Sand:* 


FIGURE  N.l  FACTION  AROIE  VS.  NORMAL  PRESSURE 
Ottava  Sand  and  Coarse  Sand 
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